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PREFACE 


Organic chemistry is richly endowed with excellent textbooks. 
However, there is a ne<Hl for a general treati.se of organic chemistry suit- 
able for instruction at the graduate level. Such a book must focus 
attention upon new developments. At best, it can but serve the pur- 
pose of the moment and provide a point of departure for unceasing 
revision. 

The idea of a collaborative work by speciali.sts in the several branches 
of the .science was developed in 1934. Each author was asked to prepare 
a chapter dealing with a subject of particular interest to him.self. It 
was hoped to obtain, in this way, an authoritative treati.se w^hich would 
cover most of the important phases of organic chemistry. The execu- 
tion of this plan has resulted in the present volumes. 

For the sake of convenience in revLsing and expanding the book, the 
rapidly developing fields of natural products, relationship between 
physical properties and chemical constitution, valence, and re.sonance 
hav'e l)een grouped together in the second volume. It is planned to 
revise Ixith volumes at intervals, not only in order to bring the present 
material up to date, but also to pennit the inclusion of new chapters to 
fill the more conspicuous gaps. For example, chapters on pol>Tneriza- 
tion and chlorophyll will lx? included in the next edition. Corrections 
and suggestions will lx? heartily welcomed. 

The contents have lx?en integrated and the accessibility of the 
information increase<l by cross references, by individual tables of con- 
tents for each chapter, and by a comprehensive subject index which Is 
re{>eated in each of the two volumes. The inortlinate wealth of the 
literature has made it necessary to restrict references, m general, to a 
relatively few selected original articles. Researches are cited, as a rule, 
by reference to the most recent publications; however, sufficient refer- 
ences to early work are given to provide an historical background. 
Occasional chapters, particularly those in the field of natural products, 
have abundant citations to original articles, and should be especially 
useful to research workers. In some chapters the literature has been 
reviewed up/to September, 1937, There is, in addition, occasional 
mention of yrork hitherto unpublished. The section General References 
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at the end of each chapter includes mention of some of the more impor- 
tant review articles and books as a guide to collateral reading. 

The editors gratefully acknowledge the assistance of many friends in 
the examination of the manuscripts. Valuable aid was provided by the 
late Dr. W. H. Carothers, who served on the Editorial Board. Special 
thanks are due to Drs. G. E. Hilbert, J. F. Nelson, P. T. Parker, A. M. 
Patterson, G. F. Wright, and Messrs. J. C. Bailie, R. L. Bebb, L. C. 
Cheney, E. J. Crane, W. Harber, A. L. Jacoby, and J. Swislowsky. 

H. G. 

Ames, Iowa 
December, 19S7 
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AMINO ACIDS FROM PROTEINS 

The term protein connotes an ill-defined group of complex nitrogenous 
organic substances which form an important part of animal and vege- 
table tissues. The separation and characterization of individual ‘^sim- 
ple proteins depend mainly on solubility relations, in accordance with 
which they arc classified as albumins, globulins, and so forth. Th(‘ simple 
proteins all yield ammonia and mixtures of amino acids on hydrolysis 
by acids, alkalies, or enzymes. ^X-onjugated proteins also exist; these 
yield, besides amino acids, other products such as purines (p. 951), 
pyrimidines (p. 950), porphyrins, carbohydrates (or their derivatives), 
lipoidal substances, and phosphoric acid. Invariably, however, the 
principal products of hydrolysis consist of amino acids. 

The most convenient method of hydrolysis involves treatment with 
hot aqueous mineral acids. The action of hot alkalies, though it readily 
brings about the desired hydrolysis, is less satisfactory, for during the 
process a notable prop)ortion of the amino acids, which preexist in pure 
optically active form, become racemized. This objection applies in a 
far less degree to acid hydrolysis. The action of proteolytic enzymes, 
though offering the practical disadvantage of slow and often incomplete 
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action, induces neither racemization nor decomposition of the more 
sensitive amino acids. 

In proteins the constituent amino acids are united by peptide link- 
ages ( — CO-NH — or, with the prolines (pp. 898, 906), — CO — N<), 
which on hydrolysis are opemid with liberation of carboxyl and amino 
or imino groups. To follow the progress of hydrolysis, three methods 
are available: (1) titration of carboxyl groups, (2) titration of amino 
groups, (3) estimation of primary amino groups by treatment with 
nitrous acid. In the first two, conditions are so selected that the 
titration end points are influenced only by the groups to be estimated; 
in the third, a specific reaction is involved. The principles underlying 
the various procedures will be discussed later. On completion of hydroly- 
sis, the resulting amino acids may be separated into three broad classes, 
which depend upon the preponderatingly acidic, basic, or neutral char- 
acter of their members. 

The predominantly acidic group consists of the monoamino dicar- 
boxylic acids. These may be separated from the others by taking 
advantage either of the sparing solubility of their calcium or barium 
salts in acpieous alcohol, or of their selective tendency to migrate toward 
the positive pole when subjected in solution at suitable pH levels to the 
influence of an electric current. ' 

The members of the predominantly basic group, comprising the 
diamino monocarboxylic acids, are characterized by their precipitability 
with phosphotungstic acid and by tluar tendency to migrate towards the 
negative pole in neutral solution. - The essentially neutral monoamino 
monocarboxylic acids, which constitute the major portion of most pro- 
tean hydrolysates, differ from the mcanbers of the* other groups * by 
th(‘ fact that they can be extracteal from neutral solution by butyl 
alcohol.^ The majority of the nuanbiTs of this group, though appre- 
ciably soluble in butyl alcohol saturatxHi with water, are insoluble in 
th(' anhydrous alcohol. Two amino acids of protean origin (proline anel 
hydroxypre)Iine), however, are elistinguished by thear solubility in pure 
alcohols; these also differ fremi all others in being not primary, but cyclic 
8e‘condary amines. The group of natural ” monoamino monocar- 
boxylic acids also includes a few which may be separated by virtue of 
their low solubility in water. 

The following list, arranged on the basis of the above practical classi- 


* Histidino (p. 93.3), in which the imidazole group possesses extremely weakly basic 
properties, forms an exception. 

^ Foster and Schmidt, J. Biol, Chem., 56 , (1923). 

* Foster and Schmidt, J. Am. Ckem. St>c., 48, 17CM) (1926). 

* Dakin, Biochem. 12 . 290 (1918); J. Biol. Chem., 44 , 499 (1920). 
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fication, enumerates the amino acids which have been demonstrated to 
be products of the hydrolysis of proteins.^ 

I. Monoamino Dicarhoxylic Acids. 

Aspartic acid H02C-CH2-CH(NH2)-~C02H 

Glutamic acid H 02 C-CH 2 -CH 2 -CH(NH 2 )-CX) 2 H 

Hydroxyglutamic acid H02C-CH2-CH0H-CH(NH2)-C0aH 

II. BoMc Amino Acids. 

Arginine NH 2 CHNH)-NH-CH 2 -CH 2 -CH 2 -CH (NH2)-C02H 
Lysine NH2-CH2-CH2-CH2-CH2-CH(NH2)-C02H 
CH 

/\ 

Histidine N NH 

(!:h=([;—ch2-ch(nh,)-cojH 

III. Monoamino M onocarhoxylic Acids. 

(1) Extractable by wet butyl alcohol; readily soluble in water; insoluble in 
anhydrous alcohols. 


Glycine 

Alanine 

Valine 

Leucine 

Norleucine 

Isoleucine 

Phenylalanine 

Serine 

Threonir^' 

Cysteine 

Methionine 

Tryptophan 


CH2(NH2)-C02H 

CH3-CH(NH2)-C02H 

(CH8)2CH-CH(NH2)-C02H 

(CH3)oCH-CH2-CH(NH2)-C02H 

CH a-CH 2 -CH 2 -CH 2 -CH (NH 2)-C02H 

CH3-CH2-CH(CHa)-CH(NH2)-C02H 

C6H6-CH2-CH(NH2)-C02H 

CH20H-CH(NH2)-C02H 

CHa-CH0H-CH(NH2)-C02H 

CH2(SH)-CH(NH2)-C02H 

CH2(SCH,)-CH2-CH(NH2)-C02H 

C— CHr^H(NH,)-COiH 




(2) Sparingly soluble in water. 

H0<C 


Tyrosine 


V 


> 


CHi-CH(NH,)-COxH 


Diiodotyrosine HO< ^^ r-CH (NH a)-COaH 


Thyroxine 


HO< ^ ^ CH2-CH (NH2)-COai 


1 r 

-S-CH2-CH(NH2)-C02H)2 


Cystine | 

(3) Soluble in alcohols. 

CH 2 — CH 2 

Proline j | 

CH 2 CH-CO 2 H 

\ / 

NH 

CH0H~CH2 

Hydrox 3 rproline I I 

CH 2 CH-CO 2 H 

\ / 

NH 

^Vickery and Schmidt, Chem. Rev,, 9 , 169 ( 1931 ). 
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In addition to the above compounds of protein origin, certain other 
amino acids have been isolated from natural sources. Some of these 
will be discussed later. 

The inclusion of cysteine in the above list is unconventional, as 
during the customary processes of isolation the sulfhydryl becomes 
oxidized to the disulfide, so that cysteine finally appears as cystine. The 
unquestionable presence of sulfhydiyl groups in many proteins,^ how- 
ever, points to the probability of the existence of cysteine as a component 
amino acid. 

By acid hydrolysis, proteins yield considerable amounts of ammonia. 
There is reason to believe that this is derived from acid amide groups 
associated with the combined dicarboxylic acids, semi-amides of which 
have been isolated from the products of enzymatic hydrolysis of proteins. 

Separation of the individual members of the first and second groups 
is effected by special methods involving selective precipitation of salts 
formed with metals or with acids. The quantitative aspects of these 
separations have been most completely developed for the basic amino 
acids (p. 921). The separation of the relatively simple monoamino 
monocarboxylic acids is rendered particularly difficult by the familia1^ 
similarity of members of homologous series, and it has not yet been 
found possible to develop quantitatively reliable methods for all. Th(' 
original procedure of Fischer, fractional distillation of the ethyl esters 
under reduced pressure, involv(‘S notable losses dwv to formation of 
(liketopiperazines. Attempts have been made to avoid this difficulty 
by acylation of the esters before fractionation,^ but these modifications 
await development to a state of practical utility. 

Partial separation of the amino acids of a protein hydrolysate can be 
effected by taking advantage of the differential solubilities of their cop- 
per salts.® Three fractions are obtainable: (1) soluble both in w^ater 
and in methyl alcohol; (2) soluble in water, insoluble in methyl alcohol; 
(3) insoluble in either water or methyl alcohol. The amino acids obtained 
from a hydrolysate of gliadin were distributed as follows: (1) proline, 
hydroxyproline, valine, isoleucine; (2) glycine, alanine, serine, glutamic 
acid, hydroxyglutamic acid, the basic amino acids; (3) leucine, phenylal- 
anine, tyrosine, aspartic acid. 

The character, both physical and chemical, of proteins and peptides 
is largely determined by the nature and relative abundance of the various 
types of constituent amino acids. The polypeptides synthesized by 

* Mirsky and Anson, J. Gen. Physiol., 18, 307 (1935). 

® Fischer, Ber., 34 , 433 (1901) ; Z. physiol. Chem., S3, 151 (19C1) ; Foreman, Biochem. J., 
13. 378 (1919). 

^ Cherbulies and collaborators, Hdv. Chim. Acta, 12, 317 (1929); 13, 1390 (1930). 

®Town, Biockeni. J., 28 , 1083 (1928); Brasier, ibid., 84 , 1188 (1930). 
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Fischer cont&ined only monoamino monocarboxylic acidSj and the only 
free acidic and basic groups present were those terminating the peptide 
chain. Proteins and natural polypeptides contain polar groups, situ- 
ated at the uncombined ends of the acid and basic amino acids distributed 
throughout the molecule; the properties of the proteins represent a 
resultant of the individual and mutual effects of these. 

GENERAL PROPERTIES AND REACTIONS OF NATURAL 
AMINO ACIDS 

With the exception of proline and hydroxyproline, all the amino 
acids isolated from protein hydrolysates contain a primary amino 
group in the a-position to the carboxyl. The exceptions may be regarded 
also as a-amino acids in which the amino group is involved in ring 
formation; however, as may be judged from the solubility of proline in 
alcohol, this departure from the common form has a marked effect on 
ph3rsical as well as chemical properties. 

With the exception of glycine, which contains no center of asymme- 
try, all the amino acids of protein origin occur in optically active form 
(p. 221). Evidence is accumulating that all possc'ss the same spatial 
configuration. From appro-ximately quantitative regularities in the 
molecular rotatory powers of corresponding derivatives of lactic acid and 
alanine, Freudenberg and his collaborators hav(> concluded’* that 
natural alanine posscss(>s the sam<> configuration as /(+)-lactic acid. 
Analogous displacements of rotation are observed when groups (R) 
combined with the acid radical are varied in compounds containing the 
same substituents (R') on the amino and the hydroxyl group, respt^c- 
tively. 

CHs CHa 

I I 

H— C— NHR' H— C— OR' 

I I 

CO-R CO-R 

The rotatory powers of natural amino acids in neutral, acid, and 
alkaline solution often display marked differences which proceed in 
analogous directions with different members of the series; the values 
pass through a negative maximum at the isoelectric point and invariably 
become less levo- (or more dextro-) rotatory with increasing molar pro- 
portions of hydrochloric acid. ^ ® This effect points to the probability of 

* Freudenberg and collaborators, Ber., 67, 1547 (1924); Ann., 518, 86 (1935). 

Wood. J. Chem. Soc., 106, 1988 (1914); Clough, ihid., 107, 1509 (1915); Levene and 
collaborators, J. Biol. Chem., 81, 687 (1929); Lutz and Jirgenaons, Ber., 63, 448 (1930); 
64. 1221 (1931). 
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identical configuration, a conclusion supported by the observation of 
Karrer and Veer ^ ^ that introduction of various acyl groups into natural 
leucine and valine and their esters causes parallel changes in optical 
rotation. 

More direct evidence for the identity of the configurations of two 
natural^ ^ amino acids has been secured by Barrow and Ferguson. ^ ^ If 
two optically active compounds Cabex and Cabey, having the same con- 
figuration, each be converted into Cabxy by replacement of a common 
group c hy y and x, respectively, the respective products, provided no 
Walden inversion has occurred, will possess opposite configurations. 

X X 

I 1 

d — C — b — ► d — C — b 

1 I 

c y 

y y 

1 I 

a — (> — b — > a — C — b 


c 


X 


This principle has been applied to the natural, dextrorotatory forms of 
alanine and valine. 


CHa CHa 

I I 

H— C— NH2 H— C'— NH2 -> 

1 I 

CO2H C(CH3)20H 

?( 4-)-Alanine 

CH(CH3)2 CH(CH3)2 

H— C— NH2 ^ H— C— NH2 

I I 

CO2H CO2C2H5 

K+)-Valine 


CH3 CHs 

I I 

H— C — NH2 -> H— C— NH2 

1 I 

C(CH3)2CI CH(CH3)2 

( — )-a-Methyl- 
isobutvlamine 


CH(CH3)2 
H— C— NH2 - 

I 

CH2OH 


CH(CH3)2 

I 

H— C— NH2 
CH3 

( -f-)-a-MethyI- 
isobutvlamine 


The a-methylisobutylamine from the natural alanine formed a levorota- 
tory hydrochloride; that from the valine wiis found to be dextrorotatory. 
During the syntheses some loss of activity occurred in each case, but 
since none of the atoms directly attached to the asymmetric carbon 

Karrer and Veer, Helv, Chim. .Ida, 15 , 746 (1932). 

Barrow and Ferguson, J. Chem. Soc., 410 (1935). 
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atoms was replaced during the processes, Walden inversions (p. 197, 
1844) were not to be anticipated. Natural alanine and valine therefore 
possess the same ( 1 ) configuration. 

The solubility relations of the simple a-amino monocarboxylic acids 
have been subjected to a critical study by Cohn and his collaborators. ^ ^ 
With increasing length of chain, the solubility in water decreases and the 
solubility in aqueous alcohol increases. In the homologous series, the 
difference between the logarithms of the solubility ratios for water and 
for absolute alcohol decreases by a constant amount for each additional 
methylene group. The substantial insolubility of amino acids, in 
general, in absolute alcohol and other organic liquids reflects the charged 
condition of the molecule. In alcohol-water systems containing small 
proportions of alcohol the logarithm of the molar solubility diminishes 
inversely as the dielectric constant. The effect of inorganic salts, and 
the mutual effect of different amino acids, present in the same solution, 
upon their individual solubilities are ascribable to their influence upon 
the dielectric constant of the solvent. 

For every amino acid there is a definite value of pH at which it 
fails to migrate in solution to either pole when subjected to an ('lectric 
current. This value, tenned the isoelectric point, is that at which the 
molecule as a whole carries no unbalanced positive or negative charge. 
The isoelectric point coincides with the point of minimum solubility. 

According to the cla.ssical theory, as employed, for example, in a 
study by Tague, ^ ^ this point, at which the net charge is effectively zerf), 
was regarded as the pH level at which the dissociation of both the amino 
and the carboxyl group is at a minimum. 

The modern theory ^ ^ takes the preci.sely opposite view. An aliphatic 
amino acid in solution at its isoelectric point is regarded as existing in 
its most highly charg('d condition with n^spect to its acidic and basic 
groups alike. This theory alone explains, for example, the effect of 
formaldehyde on the titration curves of amino acids. Addition of 
increasing amounts of formaldehyde to a solution of glycine causes a 
downward displacement of the curve in the region of liigher pH but no 
change in that of lower pH ; a similar effect is observed with ammonium 
acetate. Since, according to generally accepted views, the effect of the 
addition of alkali to ammonium salts is the suppression of ba.sic ioniza- 
tion, it follows that in glycine, as in ammonium acetate, the upper 
portion of the titration curve relates to the basic function. In each case, 
therefore, the formaldehyde similarly suppresses the dissociation of the 

Cohn, McMeekin, Edsall, and Wcarc, J, Am. Chem. S(fc., 56 . *21i70 (11)34). 

Tague, ibid., 42 , 173 (1020). 

Bjerrum, Z. physik. Chern., 104 , 147 (1023); Harris, Biuchan. J., 24 , lOSO (1030). 
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basic groups. With amino acids containing more than one amino 
group (e.g., lysine) the number of constituent curves characteristically 
shifted by addition of formaldehyde is equal to the number of basic 
groups present in the amino acid molecule; conversely, with monoamino 
dicarboxylic acids (e.g., aspartic acid) only one segment of the original 
titration curve is displaced, the two attributable to the carboxyl groups 
remaining unaltered. On the other hand, formaldehyde brings about 
little or no displacement in the upper (higher pH) portion of the titra- 
tion curve of p-aminoberizoic acid, from which it is concluded that the 
aromatic amino group is only slightly dissociated. 

Aliphatic amino acids are therefore regarded as existing, in aqueous 
solution, largely in the form of molecules containing both positive and 
negative charges. 

NH3+-CHR-C02“ 

8uch ions, the net charge of which is zero, have received the infelicitous 
name '^Zwitterion'’ (from the German word Zwitier, meaning hermaph- 
rodite). The expression '‘dipolar ion is more acceptable to the linguist! 
cally seasitive than the hybrid term currently employed. 

A solution of any given amino acid in pure water has not necessarily 
the pH corresponding to the isoelectric point of the amino acid; this 
would be the ciise only if the acid and basic functions had exactly the 
same tendency to tissurne the charged condition. In the simple a-arnino 
acids, the carboxyl groups have a slightly greater tendency to part with 
their protoas than the amino groups to accept them; as a result the 
hydrogen-ion concentration of their solutions is higher than that of 
water, but not sufficiently high to bring the total number of positive 
and negative charges on all the amino acid molecules into exact balance. 
Tliis condition can be reached only by the addition to tlie solution of 
more hydrogen ions in the form of some acid. In the case of the mono- 
amino monocarboxylic acids, the isoelectric points of which lie at 
approximately pH = 6, the discrepancy between the pH value of pure 
aqueous solutions and isoelectric point is but slight; it is much greater, 
of course, with the monoamino dicarboxylic acids. Conversely, the 
isoelectric point of the diamino monocarboxylic acids lies above pH = 7, 
and hydroxyl ions (in the form of alkali) must be added to their pure 
solutions to render them isoelectric. 

Addition of incretising amounts of mineral acid to a solution of an 
amino acid causes the suppression of the negative charge, until finally 
the equilibrium mixture contains the amino acid preponderantly in its 
purely cationic form. 

NH3^-CHR~C02- + NH3+-CHR-CO2H 
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Addition of alkali causes the suppression of the positive charge, with 
production of the anionic form. 

NH3^-CHR-C02- + NH 2 -CHR-CO 2 - + H 2 O 


The equilibria involved at different pH levels are illustrated by the 
case, discussed by Cohn in his admirable review, ^ ® of the monoamino 
dicarboxylic acids. 


yCOjH 

NH,»-R <=» H + + 

^COjH 


pH ■■ 2 


/ 


COjH 


/ 


COi“ 


NH 2 -R 


\ 

Ti 


NHr-R 


COjH 


^COiH 


Tl 

ycor yC02' 

NHj^-R ^ H++NH,^-R 


"^COs 






C02“ 


pH . 


?=±H^ -f NHr-R 

NdOi” 


pH - 9.6 


That amino acids in their isoelectric range exist mainly in the dipolar 
ionic form is indicated by their Raman spectra. ^ ^ Fatty acids in aqueous 
solution (in which they are but weakly ionized) exhibit a line at about 
1720 cm.-^ characteristic of the carbonyl group; on the addition of suf- 
ficient alkali to cause almost complete ionization, this line vanishes. 
Amino acids fail to exhibit a line at this frequency, but do so when 
converted into their hydrochlorides. Conversely, free primary amines 
show strong Raman lines between 3300 and 3400 cm.“^; lines in this 
region are not displayed by amino acids in their isoelectric zone, but 
appear on the addition of alkali. 

Dipolar ions possess a large electric moment, particularly those 
of lysine and arginine, which exist in solution largely in the form of ions 
containing positive and negative charges at opposite ends of relatively 
long chains. Dicarboxylic amino acids, in isoelectric solution, exist 
mainly as less polar ions, resembling those of the simple a-amino acids, 
for their terminal carboxyl groups are less highly dissociated than those 
contiguous to the amino group. In solvents of low dielectric constant, 
such as 90 per cent alcohol, the concentration of highly polar ions is 
smaller, and that of uncharged molecules greater, than in water. For 
this reason it is possible, by the use of suitable indicators, to titrate inde- 
pendently either the acidic or the basic function of amino acids in 
aqueous alcohol or acetone solution. 

Cohn, Brgcb. Physiol., 33 , 781 (1931). 

Edsall, J. Chem. Phys., 4 , 1 (1936); 5 , 225 (1937). 

^^Edsall and Blanchard, J. Am. Chem. Soc., 65, 2337 (1933). 

Foreman, Biochem. J., 14 , 451 (1920) ; 22 , 208, 222 (1928). 

20 Linder8tr0m-Lang, Z. physiol. Chem., 173 , 32; 174 , 276 (1928). 
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The basic groups of amino acids can be quantitatively titrated in 
glacial acetic acid solution with perchloric acid in the same solvent. ^ ^ 
The titration may be carried out either potentiometrically by the method 
of Hall and Conant,-^ or with the aid of a suitable indicator such as 
crystal violet. The amino group behaves as a strong base, as in all 
aliphatic amines, while the dissociation of the carboxyl group is 
completely suppressed by the solvent. 

The dipolar character of the amino acids is reflected in their relative 
infusibility and low volatility. When strongly heated, they melt with 
profound decomposition^^ at temperatures well above 200°; some 
show a tendency to sublime below the decomposition point. 

Since the negative character of the carboxyl group is suppressed by 
esterification, the amino acid esters are far more volatile than the amino 
acids. They display, nevertheless, a tendency to undergo condensation 

RCHNH2 RCH-NH-CO 
2 I I 1 +2 C2H5OH 

CO2C2H5 CO-NH-CHR 


with loss of alcohol. This tendency is more pronounced with the methyl 
and ethyl esters than with esters of higher alcohols such as butyl. 
Analogous condensations undoubtedly take place, with loss of water, 
when amino acids are decomposed by heat. 

Another type of decomposition which occurs on heating is decar- 
boxylation. 

RCHNH2 


CO2H 


RCH2NH2 + CO2 


This reaction takes place more readily in the presence of barium hydrox- 
ide or of a contact agent such as diphenylamine. It also occurs when 
solutions of amino acids are exposed to the action of putrefactive 
organisms. Several of the amines so produced from natural amino acids 
are pharmacologically active; their formation in the lower intestine 
may be responsible for some forms of auto-intoxication. 


Harrig, Biochem. J., 29 , 2820 (1935); J. Biol. Ckem., 84 , 296 (1929); Nadeau and 
Branchen, J. Am. Chem. Soc., 67. 1363 (1935). 

22 Hall and Conant. ibid., 49 , 3047 (1927). 

** Conan t and collalx)rator8, ibid., 49 , 3062 (1927); 52 , 4436 (1930). 

2* Hall and collaborators, ibid., 60 , 2367 (1928); 62 . 5115 (1930). 

2*^ Dunn and Brophy, J. Biol. Chem., 99 , 221 (1932). 

« Brown, Trans. Roy. Soc. Can., Sect. HI, 26 , 173 (1932) [C. A., 27 , 1617 (1933)]. 
Morgan, J. Chem. Soc., 79 (1926). 

28Cahour8, Ann., 109 , 10 (1859); Schulze and Barbieri, Bcr., 14 , 1785 (1881); 16 . 
1711 (1883); Erienmeyer and Lipp, Ann., 219 , 161 (1883). 

Johnson and Daschavsky, J. Biol. Chem., 62 , 725 (1925) ; Abderhalden and Gebelein, 
Z. physiol. Chem., 162 , 125 (1926). 
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The usual functions of the carboxyl group in an amino acid are 
evident only under conditions in which the negative charge is suppressed. 
On treatment with alcohols, esterification takes place only in presence 
of an equivalent amount of a mineral acid, such as hydrogen chloride.^® 
Amides are formed with great difficulty by heating amino acids with 
alcoholic ammonia; they are somewhat more readUy produced by the 
action of alcoholic or anhydrous ammonia upon amino acid esters. 
Chlorides of amino acids are capable of existing only in the form of 
salts, such as the hydrochloride. These have been prepared by treating 
a suspension of the amino acid in acetyl chloride with phosphorus penta- 
chloride.^^^ bisters of amino acids arc reduced to the corresponding 
aldehydes by sodium amalgam. 

a-Ainino acids can, under suitable conditions, be made to undergo 
all the chemical reactions common to aliphatic primary amines. By 
the action of nitrous acid, for instance, they are converted into the 
corresponding hydroxy acids, \vith liberation of nitrogen. 

RCHNH2 RCHOH 

I + HNO2 I + N2 + H2O 

C() 2 ll COoH 

This reaction forms the basis of the most specific and valuable analytical 
method'^ for the estimation of primary amino groups in arnino acids, 
peptides, or proteins. It takes place (|uantitatively and rapidly by the 
action of acetic acid and sodium nitrite in excess; the nitric oxide which 
is simultaneously evolved by the reagents is removed by means of 
alkaline permanganate. Acid amide groups as a rule yield no nitrogen 
unless mineral acids are present, and ammonium salts buffered with 
sodium acetate react only very slowly. This reaction serves also to 
differentiate primary amines from the secondary variety (tis in proline), 
from which no nitrogen is evolved. The guanidine group, which occurs 
in arginine, likewise yields no nitrogen unless mineral acid is present. 

Acylation and similar procc^sses arc the most efficiently performed 
when the amino acid is in solution or in the form of a metallic salt. It 
seems probable that such reactions take place with amino groups only 
in their uncharged form, for it ha.s been shown that in the solid state 
amino acids exist almost entirely in the form of electrically charged 

Curtins and Goebel, J. jirakt. Chetn., [2] 37 , ir»0 (1888). 

3^Heinlz, Ann., 150, 07 (1800). 

32 Franchiniont and Fnedniann, Rvc. trav. chim., 26 , 75 (1906). 

33 Koenigs and Mylo, Ber., 41, 4427 (1908). 

3* Fischer, Bir., 38, 605, 2914 (1905). 

3»Neuberg. Ber., 41, 950 (1908); Fischer. Ba‘., 41, 1019 (1908). 

3® Van Slyke, J. Biol. Chem., 12, 276 (1912). 
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dipoles. In simple aqueous solution the proportion of uncharged 
amino groups in equilibrium with the positively charged ionic groups is 
suflScient to permit acylation reactions to proceed at a slow rate; in the 
presence of added alkali this proportion is greatly increased, and acyla- 
tion is facilitated. The principle is illustrated by the need for alkaline 
conditions during the introduction of phenylureido, arylsulfonyl, or 
benzoyl groups into amino acids. 

Acetylation of natural amino acids leads, under certain conditions, 
to loss of optical activity. When the reaction is carried out in cold 
acetic acid or in alkaline solutions by means of the theoretically necessary 
amount of acetic anhydride, optically active acetamino acids arc 
produced. 


RCHNH2 

I 

CO2H 


+ (CH3C0)20 


RCHNHCOCH3 

1 

C02H 


+ CH3C02H 


These are, however, racemized by heating in acetic acid solution with 
small quantities of acetic anhydride, while with large amounts they are 
converted into inactive azlactoncs. These observations^^^ can be 
explained by postulating an equilibrium between acetamino acids and 
acetic anhydride, 

RCHNHCOCH3 RCn-N=CCH3 

I + (CH3C0)20 I I + 2CH3CO2H 

CO2H CO 0 

and the enolization of the azlactone present in equilibrium. 

RCTI-N=CCH3 RC-N=CCH3 

I I ^ II I 

CO O HOC 0 

This enolization, which appears to be catalyzed by acetic anhydride, 

RCH-N=CCH3 RC-N=CCH3 

I I + (CH3C0)20 ^ I! I + CH3CO2H 

CO O CH3COOC O 

must take place relatively slowdy, for when an optically active amino 
acid is treated witli excess of acetic anhydride in presence of ammonium 
thiocyanate, an optically active acetyl thiohydanuoin results. The 

Cohn, Ann, Rev. Binchcm., 4, 93 (1935). 

Baum, Z. physiol. Ckem., 9, 465 (1885); Fischer, Ber., 32, 2451 (1899); Fischer and 
BergeU, Ber., 35, 3779 (1902). 

** Bergmanii and Zervas, Biochem, Z., 203, 280 (1928). 

Ceonka and Nicolet, J. Biol. Chem.^ 99, 213 (1932). 
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formation of this type of compound is due to a reaction, presumably 
more rapid than the enolization, involving an azlactone. * ' 


RCH-N==CCH3 
1 1 + HSCN 

CO 0 


RCH-NHCOCH 3 

CONCS 


RCH NCOCH 3 

oi^-NH-CS 


The addition of thiocyanic acid to the azlactone finds an analogy in the 
reaction between azlactones and hydrogen chloride.'*^ 

PhC=N-CHR PhCO-NHCHR 

I I + HCl I 

O CO COCl 


Although the acetyl group can be introduced without racemization 
by the action of acetic anhydride in excess upon amino acids dissolved in 
boiling water, the same reaction carried out in presence of sodium 
acetate at 35-40° leads to a completely racemized acetamino acid.'*'* 
This is explained as being due to the induction by the sodium acetate of 
enolization of the azlactone transitorily formi^d from the acetamino acid 
by the action of ^cetic anhydride. 


RCH-N=CCH3 
1 I + CH3C02Na 

CO 0 


RC-N— CCH 3 
II I + CH 3 CO 2 H 

C(ONa)— 0 


Pyridine acetate acts in the same w^ay, for sodium acetate and pyridine 
behave as strong bases in acetic acid solution, but sodium chloride is 
without effect. The presence of an alkyl group on the nitrogen effec- 
tively prevents racemization. 

When the sodium salt of an amino acid is treated in alcohol with 
acetic anhydride,^"’ an acetylated ester of a racemized amino acid is 
produced. 


R-CH-NH2 

(!;J02Na 


R-CH-NH-COCHs 

1 

COaNa 

C2H6OH 


R-CH-N-=CCH, 

i 

CO 


o 

RCH-NH-COCH, 

I 

C02C2Hi 


R-C-N~==CCH, 

Hoi 6 


When proline is subjected to these conditions, acetylation alone occurs, 
accompanied by neither racemization nor esterification. 

The effect of sodium acetate in promoting the enolization and conse- 

Johnson and Scott, J. Am. Chem. Soc., 35 , 1136 (1913). 

Mohr, Her., 42 , 2521 (1909); J. prakt. Chem., 81 , 49, 473; 82 , 322 (1910). 

Behr and Clarke, J. Am. Chem.. Soc., 54 , 1030 (1932). 

*^du Vigneaud and Meyer, J. Biol. Chem., 28 , 295; 29 , 143 (1932). 

Aahley and Harington, Biochem. J., 23 , 1178 (1929). 
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quent racemization of azlactones dissolved in acetic acid, even though 
this solvent is diluted by water or alcohol, finds an analogy in the 
observation of Dakin that hydantoins of natural amino acids undergo 
spontaneous racemization in presence of alkali at room temperature. 


RCH— NH 

I 

CO— NH 


— NHv 

>CO + NaOH 
— NH/ 


RC-NH 

II 

NaOC-NH 


:o + H2O 


The racemization, which docs not occur with the corresponding hydan- 
toic acids nor with hydantoins of the type 

R' 

I 

R— C NH 

I 

CO— NH 



is ascribable to enolization. 

When heated with acetyl chloride in acetic acid, a-amino acids are 
converted into derivatives of oxazole. * ' 

R-CH— NH2 R-CH NH RCH N 

I - I I -> i II 

CO2H CO2H COCH3 CO2H CCH3 

I 

CH3COO 

RC N 

CO 2 + II II 

CH3C— O— CCH3 

An equally profound, and probably related, reaction occurs when 
a-ainino acids are warmed with acetic anhydride in presence of 
pyridine,'*^ methyl acetaminoalkyl ketones being produced. 

/NH2 /NHCOCH3 

RCH< + (CH3C0)20 RCH< + CO2 

XlOoH V0CH3 

Here again it appears that an enolizable derivative is involved as an 
intermediate, for under the same conditions proline and N-alkylamino 
acids are merely acetylated, and no corresponding ketone is formed 
from a-amino-a-phenylpropionic acid. 

« Dakin, Am. Chern. U. 48 (1910). 

Wrede and collaborators, Z. physiol. Chcm.^ 203 , 279 (1931); 206 , 146 (1932); 218 , 
129 (1933). 

Levene and Steiger, J. Biol. Chem., 74 , 689 (1927); 79 , 95 (1928); Dakin and West, 
ihid., 78 . 91, 757 (1928). 
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On treatment with a boiling solution of urea, a-amino acids yield the 
corresponding hydantoic acids. 

NH2CONH2 + NH2CHR-CO2H -> NH2CONH-CHR-CO2H + NHa 

During the process racemization takes place. This may be avoided by 
the use of potassium cyanate. ^ ® 

KCNO + NH2CHR-CO2H -> NH2C0NH~CHR-C02K 

The resulting hydantoic acids readily undergo ring closure to the hydan- 
toins on boiling with hydrochloric acid, 

NH-CHR-CO2H NH-CHR-CO 

I — > \ I + H20 

CONH2 CO NH 

a reaction which would proceed in the reverse direction if the reacting 
groups could not come into steric propinquity. 

Substituted hydantoic acids are formed by the action of aromatic 
isocyanates upon amino acids in aqueous solution. The reaction, which 
takes place in the cold, is favored by the presence of alkali this 
suppresses the dissociation of the basic group, thereby increasing the 
proportion of the anionic form with which the isocyanate reacts. 

NH3+-CHR-CO2- + OH- NH2-CHR-CO2- +H2O 

NH2-CHR-CO2- + ArNCO ArNH- CO-NH- CHR-CO2- 

The introduction of acyl or ureido groups abolishes the amphoteric 
character of amino acids; the products are soluble in non-polar organic 
liquids, and are suitable derivatives for identification. 

When carbon dioxide is passed into alkaline solutions of amino acids, 
salts of corresponding carbamino acids are produced. ^ ^ 

RCH-COo- RCH-CO2- 

I . + CO2 + OH- -> I + H2O 

NH2 NH-CO2- 

The calcium and barium salts are sparingly soluble in dilute alcohol; 
in boiling water they break down into the amino acids and metal car- 
bonate. An attempt has been made^^ to exploit the differences in solu- 
bility of the barium salts of the carbamino acids for the systematic 
separation of the products of protein hydrolysis. 

Lippich, Ber., 39, 2953 (190G); 41, 2976 (1908). 

Paai, Bct., 27, 974 (1894); Neuberg and Maiiasse, Ber., 38, 2359 (1905). 

Siegfried and collaborators, Z. physiol. Chern., 44, 85 (1905); 46, 401 (1905); 64 , 423 
(1908), 66, 29.) (1910); 81, 260 (1912); Ber., 39, 397 (1906); Stadie and O’Brien, J. Biol. 
Chem., 112, 723 (1936). 

^^Schryver and collaborators, Biochem. J., 15, 636 (1921); 18, 1070 (1924). 
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Basic mercury salts of carbamino acids are formed when mercuric 
acetate is added to solutions of amino acids made — and maintained— 
alkaline with sodium carbonate.-'’^ 


RCH-CO2H R-CH-COaNa 

1 -|- NaaCOa — > | 

NH2 NHCOaNa 


RCH-CO2 

I 

NH-CO2 


)>HgHgO 


In most instances these salts are nearly quantitatively precipitated on 
the addition of alcohol. 

Amino acids are converted into the corresponding guanidino acids 
by treatment with 0-methylisourea/^ 


NH 


NH 


CH3OC + NH2-CHR-CO2- 

I 

NH2 


CH3OH + C— NH-CHR-CO2- 
NH2 


or S-methylisothiourea. 

Reference has already been made (p. 866) to the use of formaldehyde 
in the titration of amino acids. Sorensen, who developed the process 
as an analytical method, ascribed the suppression of the basic functions 
of the amino group to the establishment of an equilibrium involving 
methylene compounds of the type formulated by Schiff. 

CH2O + NH2-CHR-CO2- CH2--N-CHR-CO2- + H2O 


However, the reaction appears to be more complicated. Metallic salts 
of such condensation products have been prepared which contain the 
elements of one or more additional molecules of water or formaldehyde, 
so that it seems probable that in solution an equilibrium exists between 
the methylene, methylol, dimethylol, and more complex forms. On the 
other hand, determination of the equilibrium constant of the reaction 
between amino acids and formaldehyde''^ points to the fonnation, over 
the range pH 8 to 10, of equimolar compounds only. 

CH2O + NH2-CHR-CO2" + “OH^ "0CH2-NH-CHR-C02~ + H2O 

Of the few salts which have been prepared in crystalline condition, 
the barium compound from formaldehyde and glycine has proved^® to 

Neuberg and Kerb, Biochem. Z., 40 , 498 (1912). 

Kapfhammer and MUller, Z. physiol. Chem., 225 , 1 (1934). 

Sorensen, Biochem. Z., 7, 45 (1907). 

Franzen and Fellmer, J. prakt. Chem., [2] 96 , 299 (1917); Krause, Ber., 61 , 136, 542, 
1556 (1918); 62 , 1211 (1919). 

Tomiyama, J. Biol. Chem., Ill, 51 (1935). 

^ Bergmann and Ensslin, Z. physiol. Chem,, 146 , 194 (1925). 



876 


ORGANIC CHEMISTRY 


possess the methylene structure (CH2=N-CH2-C02)2Ba, while the 
crystalline copper salt has the structure ; 


/0-CH2V 

CH2< >N-CH2-C02 

\0-CH2/ 


Cu 

2 


Well-defined compounds analogous to this last are formed from glycine 
ester with excess of formaldehyde, and from aliphatic amines and 
aldehydes in general. 

Studies of titration curves of amino acids with increasing concen- 
trations of formaldehyde indicate the formation of dimethylol derivatives 

CH 2 O + H2N-CHR-C02-^ CH 2 OH-NH-CHR-CO 2 - 

CH 2 O + CH20H-NH-CHR-C02-^ (CH20H)2N-CHR-C02- 

and that only in the latter are the basic properties suppressed to the 
point at which they are no longer discernible in the titration. Proline, 
which is incapable of forming a Schiff base or a dimethylol derivative, 
exhibits appreciable basic dissociation in presence of even a large excess 
of formaldehyde. 

When heated in acid solution with formaldehyde, amino acids [with 
the exception of glycine, which is converted into methylene diglycine, 
CH 2 (NH-CH 2 -C 02 H) 2 ] ^ ^ undergo extensive decomposition, a large pro- 
portion of their nitrogen being liberated in the form of methylamine.®^ 
It appears probable that this decomposition involves the transposition 
of the double bond of a Schiff base.^^ 


CH2=-N-CHR-C02H -> CHaN^CR-COsH CH 3 NH 2 + R-CO-CO 2 H . 

Similar decompositions are brought about by o-quinones,^"^ methyl- 
glyoxal,^'"’ sugars, isatin,^^ and a-keto acids. In the last instance, 
the condensation product undergoes rearrangement with simultaneous 
decarboxylation, followed by hydrolysis. These reactions may proceed 
in two directions, with formation of the aldehyde derived either from 

Bergmann and collalwrators, ibid., 131, 18 (1923); Ber., 57, 662 (1924). 

Levy, ./• Biol Chern., 99, 767 (1933). 

Lol), Biochem. Z., 61, 116 (1913). 

Zeleny and Gortner, J. Biol Chem., 90, 427 (1931). 

Clarke, Gillespie and Weisshaus, J. Am. Chem. Soc., 66, 4571 (1933). 

Kisch and collaborators, Biochem. Z., 242, 1 (1931); 244, 440* 247 371* 249 63 
(1932). .... 

Kisch, ibid., 267, 334 (1933). 

Akabori, Bcr., 66, 143 (1933). 

Franke, Biochem. Z., 258, 296 (1933). 

“Herbst and Engel. J. Biol. Chem., 107, 505 (1934); Herljat, J. Am. Chem. Soc., 08. 
2239 (1936). 
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the amino acid or from the keto acid, or both. When the former aldehyde 
is produced, a new amino acid is also formed. 

R-CH(NH2)-C02H + R -CO-CO 2 H 

i 

R-CH-N=C-R' 

I I 

CO 2 H CO 2 H 

^ \ 

R-CH— N=C— R' R-C=N— CHR' 

t I II 

CO 2 H H H CO 2 H 

1 i 

RCH-NH 2 R'-CHNHs 

I + R'-CHO R-CHO + 1 

CO 2 H CO 2 H 

The nature of the substituents R and R' appears to determine which 
of the two carboxyl groups is eliminated. 

Aromatic aldehydes yield condensation products with amino acids 
in presence of alkali®*' yielding SchifT bases Ar-CH=N-CHR-C02Na 
in which the double bond, being conjugated with the aromatic nucleus, 
shows less tendency to migrate and thereby to initiate further decom- 
position of the kind observed with aliphatic aldehydes. Subsequent 
condensations may, however, take place with further quantities of the 
aromatic aldehyde;^® glycine and benzaldehyde yield N-benzylidene 
phenyl serine, 

PhCH=N-CH-CHOH-Ph 

I 

CO 2 H 

together w'ith a by-product in which the carbon structure of the amino 
acid does not reappear. 

PhCH=N-CH-CHOH-Ph 

I 

Ph 

Measurements of optical activity^' indicate that under milder con- 
ditions, in cold aqueous alcohol at pH 9-10, reversible equilibrium 

•• Gorngrosa, Bioehem. Z., 108 , 89 (1920) ; Gerngross and Zul)lke, Ber., 67 , 1482 (1924) ; 
Bergmann and colIal>orator8, Ber., 68 , 1034 (1925); Z. physiol, Chem., 162 , 282 (1926); 
172 , 277 (1927). 

" Erlenmeyer and collatjorators, Ber., 26 , 3445 (1892) ; 28 , 1866 (1895) ; 30 , 1527, 2896 
(1897); Ann., 284 , 36 (1894); 307 , 79, 113 (1899); 337 , 205 (1904). 

" Gulland and Mead, J. Chem. Soc., 210 (1935). 
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reactions take place between aromatic aldehydes and amino acids, with 
formation of compounds such as 

Ar-CH(NH-CHR-C02H)2, 

Ar-CH0H~NH-CHR-C02H, 

(Ar-CH0H)2N-CHR-C02H. 


The maximum change of rotation is usually reached with 2-3 moles of 
the aldehyde. 

The action of /3-naphthoquinone and the closely related 1,2-naphtho- 
quinone-4-sulfonic acid upon a-amino acids is of practical as well as 
theoretical interest. With aniline, both of these compounds are con- 
verted into 2-hydroxy-l-naphthoquinone-4-anil, a red substance which 
resists the reducing action of sulfurous acid. In the first case,^“ part of 
the quinone is reduced to the hydroquinone; 



O 




+ PhNH2 




lOH 


+ 


OH 

/V^OH 


\Ay 


NPh 


in the second, the sulfonic group is eliminated as sulfur dioxide. 
0 O 

II 

/VVo 


+ PhNH2 


V\/ 

SOsH 



+ SO2 + H2O 


Amino acids appear to act similarly, yielding red solutions, the color 
of which, in contrast to that of the quinone reagent, is not discharged 
by thiosulfate.^^ The intensity of the color developed with /3-naphtho- 
quinonesulfonic acid is, with almost all the natural amino acids, p)ropor- 
tional to their molecular concentration, so that the test can be applied 
for the quantitative estimation of amino acids in general. With the 

Liebermann, Ber., 14 , 1310 (1881); Zincke, Ber., 14 , 1493 (1881); Liebermann and 
Jacobson, Ann., 211 , 36 (1882). 

7® Boniger, Ber., 27 , 23 (1894). 

7^ Folin, J. Biol. Cheni., 61 , 377, 393 (1922). 
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exception of ammonia, none of the usual metabolic waste products inter- 
feres; ammonia can first be eliminated by means of perinutite. 

The ‘^ninhydrin^^ reaction, a sensitive color test in which a blue 
color is developed on warming amino acids with triketohydrindene 
hydrate in dilute aqueous solution, involves oxidative deamination.^^ 
The first step consists in the dehydrogenation of the amino acid, which 
passes over into ammonia and an aldehyde. 


CO 

r V \ R-CH-CO2H 

C(OH) 2 -f I 

NIL 


CO 



CHOH -f RCHO -h NHs +CO2 


^ CO 


Triketohydrindene and its reduction product then condense with 
ammonia to yield the blue coloring matter, 



the constitution of which is analogous to that of rnurexide. Identical 
color intensities are developed with equimolar solutions of all a-amino 
acids and other compounds, such as dipeptides and aminoacetone, w^hich 
contain a-arninoacyl groups. Proline and hydroxyproline yield with 
triketohydrindene a different type of condensation product, in which 
only the carboxyl group has been eliminated. That from proline 
has the constitution; 



and possesses a red color. 

Amino acids, like simple amines, are converted by sodium hypo- 
chlorite into N-chloro derivatives, the process being almost independent 
of concentration.^® Esters of amino acids behave similarly. The 

Ruhemann, J. Chem. Soc., 97 . 2025 (1910); 99 , 792, 1486 ,1911) ; Abderhalden and 
Schmidt, Z, physiol. Chem., 72 , 37 (1911); Harding and Warneford, J. Biol. Chem., 25 , 
319 (1916); Retinger, J. Am. Chem. Soc., 39 , 1059 (1917). 

Cherbuliez and Herzenatein, Helv. Chim. Acta, 17 , 1440 (1934). 

Grassmann and v. Arnim, Ann., 509 , 288 (1934). 

Langheld, Ber., 42 , 2360 (1909). 
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resulting products break down, slowly in the cold but rapidly on warm- 
ing, into ammonia, carbon dioxide, and an aldehyde. 

NH2-CHR-CO2H -> NHCI-CHR-CO2H -> NH=CHR + CO2 

NHs + RCHO 


The reaction proceeds similarly with secondary amino acids; sarcosine 
yields methylamine in place of ammonia, proline breaks down into 
carbon dioxide and pyrroline. 


CH2-CH2 

CH2 CH-CO2H 

\/ 

NH 


CH2— CH2 

^ I I 

CH2 CH-CO2H 

\/ 

NCI 


CH2— CH2 

► I I 

CH2 CHO 

\h2 


CH2— CH2 

CH2 in 


\ /■ 
N 


The presence of two alkyl groups or of an acyl group on the nitrogen atom 
inhibits the action of hypochlorite. Amino acids completely substi- 
tuted in the a-position (e.g,, a-aminoisobutyric acid) are, on the other 


hand, readily oxidized to ketones. 



R'v yCO-M R'\^ ^C 02 H 




C=NH 

( 

R/^ \nH 2 R^ ^NHCl 

R/^ 

r/' 


Chloramine T (sodium p-toluenesulfonchloroamide) in neutral solu- 
tion acts in the same way as hypochlorite,^^ yielding aldehydes, carbon 
dioxide, and ammonia when equimolecular quantities of the reactants 
are employed. With two moles of Chloramine T, on the other hand, a 
different reaction occurs®^ whereby nitriles are formed. 


RCHNH2 RCHNCI2 

1 - I 

CO2H CO2H 


RCN + 2 HC 1 + CO2 


Both types of reaction occur when amino acids are oxidized with sodium 
hypobromite, the formation of aldehyde being favored, at the expense 
of nitrile production, by high alkalinity. ® ^ 

Amino acids are oxidized by peroxides® 2 qj. persulfates®® with for- 
mation of aldehydes. Oxygen in presence of charcoal, palladium 

79 Dakin and collaborators, Proc. Roy. Soc. (London), B89, 232 (1916); Biochem. 

XI, 79 (1917). 

Dakin, Biochem. J., 10, 319 (1916). 

9^ Friedman and Morgulis, J. Am. Chem. Soc., 68, 909 (1936). 

92 Dakin, J. Biol. Chem., 1, 171 (1905); 4, 63 (1908); 5, 409 (1909). 

99 Lang, Z. physiol. Chem., 241, 68 (1936). 
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black, or finely divided iron®^ causes their breakdown to aldehydes or 
ketones. The oxidation of amino acids by biological systems proceeds 
through the a-keto acid stage,®® and therefore probably involves dehy- 
drogenation followed by hydrolysis, 

RCH~C02H RC-CO2H 
1 II RCO-CO2H + NH3 

NH2 NH 

a process which has been shown to be biochemically reversible. As 
the formation of pyruvic acid by the action of oxygen upon alanine in 
presence of charcoal could not be detected, the breakdown was at first 
formulated differently. 


RCHNH2 RC=NH 

I ^ I 

CO2H CO2H 


CO2 + RCH=NH RCHO + NH3 


This view was supported by the failure of a-aminoisobutyric acid, which 
is structurally incapable of such dehydrogenation, to undergo oxidation 
under the same conditions. It was, however, subsequently shown®® 
that a-dimethylaminoisobutyric acid is readily oxidized by oxygen in 
presence of charcoal, yielding acetone, carbon dioxide, and dimethyl- 
amine, so that the dehydrogenation theory for such oxidations had to be 
abandoned in favor of the idea that an addition compound with oxygen 
is formed. It was also found that ozone, which had previously been 
reported®® to be without action on aliphatic amino acids, breaks down 
not only the natural amino acids, but dialkylamino acids, or-aminoiso- 
butyric acid, and a-dimethylaminoisobutyric acid into aldehyde (or 
ketone), carbon dioxide, and volatile base. Similar products are formed 
from all the same types of compound by the action of silver oxide,®® 
with which mono- and dimethylamino acids react more readily than the 
primary compounds; betaine and /3-alanine are not attacked. 

Amino acids are not oxidized by methylene blue alone, but are 
degraded to aldehydes by palladium black in the presence of a hydrogen 
acceptor such as alloxan or dinitrobenzene. ®^ Charcoal is without 
action in the entire absence of oxygen.®^ 

Wieland and Bergel, A?in., 439 , 196 (1924). 

Handovsky, Z. physiol. Chem., 176, 79 (1928). 

«®Neubauer and collaborators, ibid., 67 , 230 (1910); 70 , 326 (1911). 

Knoop, ibid., 67 , 489 (1910); Knoop and Kertess, ibid., 71 , 252 (1911); Neber, 
ibid., 234 , 83 (1935). 

®® Bergel and Bola, ibid., 220 , 20 (1933). 

®* Harries and Langheld, ibid., 51 , 373 (1907). 

Herbst and Clarke, J. Biol. Chem., 104 , 769 (1934). 

Wieland, Drishaus, and Kosohara, Ann., 613 , 203 (1934). 
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Amino acids are deaminated on exposure to ultra-violet light;®^ 
the reaction is specific for the a-amino grouping and takes place in 
neutral, acid, or alkaline solution. Little is known of its mechanism. 

The oxidative deamination of amino acids by biological systems, an 
important vital process, has been elucidated by the work of Krebs. 
When solutions of amino acids are exposed to oxygen in the presence of 
slices of organ tissue, ammonia and the corresponding a-keto acid are 
formed. Kidney tissue is the most active, liver somewhat less so. With 
the natural (1) amino acids no reaction occurs in the absence of oxygen, 
if the tissue be ground or dried, nor in the presence of octyl alcohol or 
cyanide. On the other hand, the amino acids of opposite (d) configura- 
tion are not only deaminated more rapidly by intact slices of tissue, but 
the reaction is inhibited neither by drying, grinding, nor the addition of 
the above poisons. It is therefore concluded that two distinct enzyme 
systems are respectively responsible for the oxidative deamination in 
the kidney and liver of amino acids belonging to the two configurational 
groups. 

Dehydrogenation of amino acids to derivatives of the corresponding 
unsaturated amino acids has been effected by means of a remarkable 
reaction discovered by Bergmann and Stern.®''’ When chloroacetyl- 
phenylalanine is warmed with acetic anhydride, dehydration occurs; 
the product, however, has lost the elements of hydrogen chloride and 
consists of a-acetaminocinnamic azlactone, identical with the product 
of the action of benzaldehyde and acetic anhydride upon acetyl- 
glycine.®® 


PhCH2--CH-NH-CO-CH2Cl 

I 

CO2H 

PhCH2-C=N. 

1 >C==CH2 

CO— 0/ 


PhCH2-CH— N 

CO— O 
PhCH=C N, 


^-CHaCl 


V-CHs 

CO— 0/ 


In like manner, a-bromopropionylalanine is converted into the azlactone 
of a-propionaminoacrylic acid, which on hydrolysis readily yields 
pyruvic acid ; a similar series of reactions is undergone by a-bromopro- 
pionylasparagine. ® ^ 

The conversion of chloroacetamino acids to unsaturated azlactones 

Neuberg, Biochem. Z., 13 , 305 (1908). 

•* Lieben and Urban, ibid,, 239 , 260 (1931). 

Krebs, Z. physiol Chem., 217 , 191; 218 , 157 (1933); Biochem. J.. 29 , 1620 (1935). 

Bergmann and Stern, Ann., 448 , 20 (1926). 

Erlenmeyer and Friistiick, Ann., 284 , 36 (1895). 

Bergmann, Kann, and Miekeley, Ann., 449 , 135 (1926). 
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proceeds even more readily in the presence of pyridine. ® ® With pyridine 
alone a betaine hydrochloride is formed; when this is treated with a 
mixture of acetic anhydride and pyridine, it yields the azlactone; but 
with acetic anhydride alone, it is converted into a cyclic compound of a 
novel type. 

PhCH2-CH-NHCOCH2Cl 



+ C5H5N 


PhCHa-CH-NH-CO-CHs-NCsHs 


r 

PhCH=C — N 


CO2H 
AcaQ ~f“ CrHsN 


1 'ScCHs 

CO— 0 / 


Cl 


AC2O 


COCH3 

1 

PhCHaCH— N— CO 

I I 

c==c 


0 - 


N+C5H5 


A similar product is formed by the action of a mixture of acetic anhydride 
and p3rridine upon chloroacetyl glycine, which is of course incapable of 
yielding an unsaturated azlactone. These substances lose acetyl on 
heating with acid or alkali, but the pyridine can be regenerated only by 
pyrolysis or by disruptive oxidation. 

CH2-CO2H CH2-CO2- CH2— C- 0 - 

I - I - ‘ I II 

NH-COCH2CI NH-C0-CH2-N^C5H5 CHsCON-CO-C-N+CsHs 

CH2 — c-0- . CH2-CO2H 

I II nk I + C5H5N 

NH-CO-C-N+C5H5 NH-CO-C02H 


a,/ 3 -Unsaturated amino acids per se are apparently incapable of 
independent existence, but the presence of an acyl group on the nitrogen 
atom imparts sufficienf stability to the molecule. A reversal of the 
effect of hydrolysis, mentioned above, can be brought about by con- 
densing a-keto acids with acid amides. When, for instance, pyruvic 
acid is heated with acetamide, a mixture of a-acetaminoacrylic acid and 
a,a:-diacetaminopropionic acid results.®^ 

Bergmann, Zervas, and Lebrecht, Bcr., 64, 2315 (1931). 

•• Bergmann and Grafe, Z. physiqji. Chcni,, 167 , 187, 196 (1930). 
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CHa 

CO + CH3CONH2 
CO2H 


CHa 

CO + 2CH3CONH2 

ioaH 


CH2 

C— NHCOCHa + H2O 

I 

CO2H 

CHa 

C(NHC0CH3)2 + H2O 

I 

CO2H 


The diacetamino compound is readily converted into acetaminoacrylic 
acid by heating with acetic acid. With acetic anhydride it yields an 
azlactone, 

CHa 


CH3CONH— C N. 

1 

CO— O-^ 


"V-CHa 


which readily reacts with amino acids to yield condensation products 
of peptide character. 

CHa 

1 

CH3CONH—C— NHCOCHa 

I 

CO— NH-CHR— CO2H 

Acetaminoacrylic acid takes up hydrogen in presence of palladium, 
yielding dZ-acetylalanine. 

Derivatives of unsaturated amino acids can be produced by dehydrar 
tion of diketopiperazines from a-amino-| 8 -hydroxy acids. 

CO— NH— CH-CH2OH CO— NH— C=CH2 

II -^11 

CHaCH— NH— CO CH3CH— NH— CO 

Derivatives of cystine can under suitable conditions lose the elements 
of hydrogen disulfide to yield the unsaturated compounds. In diketo- 
piperazines derived from one saturated and one unsaturated amino acid, 
migration of the double bond is possible, so that in effect the unsaturated 
amino acid can dehydrogenate the saturated one. 

CO— NH--CH-CH 2 -CO 2 H CO— NH— (>=CH-C02H 

PhCH==(i! NH— CO PhCH,(iH— NH— io 

Bergmann and collaborators, ibid., 146 , 247 (1925) ; 162 , 189 (1926) ; 174 , 76 (1928) ; 
Ann., 468 , 40, 76 (1927). 
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This process is of especial interest as it constitutes a synthetic analogy 
of transformations which may take place metabolically in the living 
body. 

When an a-amino acid is digested in weakly acid solution with 
p-nitrophenylhydrazine, the bis-nitrophenylhydrazone of the corre- 
sponding a-ketoaldehyde is gradually deposited. ^ ® ^ 

RCHNH2 RC=N-NH-C6H4N02 
1 I + NHa 

CO2H CH=N-NH-C6H4N02 

This remarkable reaction, for which no adequate theoretical explanation 
is available, takes place not only with a-amino acids in general but also 
with a-hydroxy acids. It is of peculiar interest to the biochemist inas- 
much as it constitutes a reversal of a biological synthesis of amino 
acids in which a mixture of an a-ke tonic aldehyde and ammonium 
carbonate, when p)erfused through a dog's liver, is converted into the 
corresponding amino acid. The reaction with a-hydroxy acids is like- 
wise a reversal of the well-recognized enzymatic conversion of methyl- 
glyoxal to lactic acid. 


GENERAL SYNTHETIC METHODS FOR PREPARING a-AMINO ACIDS 

The classical method consisting in the action of ammonia upon 
a-halogen-substituted acids, 

R-CHBr-COaH + 2NH3 R-CH(NH2)-C02H + NH4Br 


a recent example of which is the preparation of glycine, has found 
the widest application. A modification of this principle, occasionally 
employed, involves the application of the phthalimide reaction to 
esters of halogenated acids. The product is hydrolyzed with alkali, and 
the resulting acid heated with hydrochloric acid. 


RCHBr 

C02Et 


+ KN 



CgH 4 



C02Et 


. R-CH— NH-COC6H4CO2H R-CHNH2 • HCl 


CO2H 


CO2H 


+ C6H4(C02H)2 


Dakin and Dudley, J. Biol. Chem., 14 , 655; 15 , 127 (1913); Dakin, Bioehem. J., 
10 , 313 (1916). 

'o* Dakin and Dudley, J. Biol. Chem., 18 , 29 (1914). 

‘“Orten and Hill, J. Am. Chem. Sac.. 63, 2797 (1931). 

Gabriel and Kroseberg, Ber., S8, 426 (1889). 
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A general and extremely useful combination of the phthalimide and 
malonic ester synthesis has been developed by Sorensen.^®® 


COzEt 


COzEt 


I /CO. 1 /CO. 

CHBr + KN< >C6H4 CHN< >C6H4 
I xiO^ I 




OzEt 


COzEt 


/CO. 

j/ \< 


RBr + NaC— N< >C6H4 

I \co/ 


Hydrolysis 

> 

Heat 


COzEt 

RCHNHz 

I 

COzH 


X:o/ 

COzEt 

COzEt 

R-C— N<^^C6H4 
COzEt 


+ C6H4(COzH) 2 + COz + CzHfiOH 


The Strecker synthesis'®® from aldehydes (or ketones), ammonia, 
and hydrogen cyanide is of wide application in a variety of forms, all of 
which involve the intermediate formation of amiponitriles: (1) by the 
interaction of a cyanohydrin and ammonia;'®^ 


RCHO 


HCN RCHOH NHa R-CHNHz hCI RCHNHz HCI 

> I > I > I 

CN CN COzH 


(2) by the action of hydrogen cyanide on an aldehyde-ammonia; 

NHg RCHOH hCN RCH-CN HCI RCH-CO2H 

rCHO > I > I ^ I 

NH2 NH2 NH2HCI 


or (3) by treating an aldehyde with ammonium cyanide, produced 
either by direct union of ammonia and hydrogen cyanide or by mixing 
concentrated solutions of potassium cyanide and ammonium chloride. 

Modifications of the Strecker process, whereby hydantoins are 
formed directly by the use of ammonium carbonate, have recently been 
developed.^®® Hydantoins, which break down to amino acids on 
hydrolysis under vigorous conditions, can, owing to their lack of dipolar 
properties, often be more readily isolated than the corresponding amino 
acids. 

Sorensen, Z. physiol. Chem., 44, 448 (1905). 

Strecker, Ann., 75, 27 (1850); Tiemann, Ber., IS, 381 (1880); 14, 1966 (1881). 

Menge, J. Am. Chem. Soc., 56, 2197 (1934). 

Bucherer and collaborators, J. prakt. Chem., 140, 291; 141, 6 (1934); Slotta, 
Behnisch, and Szyszka, Ber., 67, 1529 (1934). 
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a-Amino acids have also been prepared by the reduction of a-oximino 
acids.*®® 

NOH NHz 


R-C-CO2H R-CH-CO2H 


By this reaction it is possible to regenerate amino acids from the keto 
acids which constitute the primary products of their oxidative deamina- 
tion. Of interest in this connection is the formation of acetylalanine by 
the action of ammonia upon pyruvic acid ; > * ® 

CH 3 -COH-CO 2 H CH 3 -C-CO 2 H 

I II 

2CH3-CO-CO2H -t- NH3 NH -> N 

I I 

CH3-C0H^02H CH3-COH-CO2H 
CH3-CH-C02H CH3-CH-C02H 

I 1 

-► N + CO2 ^ NH 

II I 

CH 3 -COH CH 3 -CO 


and phenacetylphenylalanine from ammonia and phenylpyruvic acid. 

The decomposition of acid azides by alcohol, whereby urethanes are 
formed, 

RCON3 + EtOH RNHC02Et -|- N2 


has been applied * * * to the preparation of a-amino acids from malonic 
esters; 


/C02Et 

R-CH< 

ND02Et 


/C 02 Et n,H. /CO-NH-NH 2 

R-CH< > R-CH< 

N:02K \CO 2 K 


HNOs _ _ __ /CON 3 Eton /NH-C02Et hCI /NH 2 


R-CH 


< i> XI— 

C02H 


-> R-CH< 


^C02H 


h 

-> R-CH< 

N:o 2H 

and from cyanoacetic esters. * * ® 

/C02Et /CON3 /NHC02Et /NH2 

R-CH< -» R-CH< R-CH< -> R-CH< 

\cN N:n \cn N:)02H 


In syntheses of higher or more complex amino acids, particularly 
those containing a terminal aromatic group, a deriv ative of glycine has 

“•Gutkneoht, Ber., IS, 1116 (1880). 

de Jong, Rec. trav. chitn., 19, 269 (1900); Erlenmeyer, Ann., 337, 205 (1904). 
CurtiuB, prakt. Chem., [2] 126, 211 (1930). 

Darapsky, ibid., [2] 146, 250 (1936). 
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in many instances been employed as starting material. Benzaldehyde 
may be condensed with hippuric acid in presence of acetic anhydride * ^ ® 
as in Perkin’s synthesis, yielding the azlactone of benzoyl-a-amino- 
cinnamic acid, which on mild hydrolysis, followed by reduction with 
sodium amalgam, yields benzoylphenylalanine. 

CH2-NHCOPh PhCH=C— 

PhCHO +1 I >CPh 

CO2H CCK)/ 

PhCH=C-NHCOPh PhCHg-CH-NHCOPh 

io 2 H CO 2 H 

This is readily split by acid or by alkaline hydrolysis into di-phenylala- 
nine and benzoic acid. On subjecting the benzoylaminocinnamic acid to 
drastic hydrolysis, it breaks down into phenylpyruvic acid, 

PhCH=C-NHCOPh 

I -> PhCH2-C0-C02H + PhCONH2 

CO 2 H 


the oxime of which, on reduction, also yields phenylalanine. ^ * * Acetyl- 
glycine or even glycine itself may conveniently be employed.®®- ®6' ns 
Similar syntheses have been carried out with hydantoin. * ^ ® 

CH 2 — NHv PhCH=C NH\ 

PhCHO -f- I >CO I >CO 

CO — NR/ CO— NR/ 


PhCH2CH— NHv 

I 

CO— NR 


^CO 


PhCH2CH-NH2 

CO2H 


-f 2NH3 -t- CO2 


The last two steps (reduction and hydrolysis) can conveniently be car- 
ried out in one operation by treating the condensation product with 
ammonium sulfide at 58°. * ' ^ Acetylthiohydantoin may advantageously 
be employed in place of hydantoin. 

An interesting synthesis involves the condensation of aromatic alde- 
hydes with rhodanine. ^ * * The product on treatment with alkali breaks 


Erlenmeyer, Ann., 276, 1 (1893). 

Erlenmeyer, Ann., 271, 137 (1892). 

Dakin, J. Biol. Chem., 82 , 439 (1929). 

Wheeler and Hoffman, Am. Chem. J., 46 , 368 (1911). 

Boyd and Robson, Biochem, J., 29 , 642, 646 (1935). 
Granacher, Helv. Chim. Acta, 6 , 610 (1922); 6, 458 (1923). 
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down to an a-thioketo acid, which with hydroxylamine yields the corre- 
sponding oximino acid; this is then reduced. 


CH2 — Sv PhCH=C Sv PhCH2-CS 

PhCHO + I >CS I >CS 1 

CO— NH^ CO— CO2H 

PhCH2C=NOH PhCH2CH-NH2 


CO2H 



All the above processes lead to inactive amino acids. Resolution 
has generally been effected by acylating the amino group and fraction- 
ally crystallizing the salts of the resulting acid with an optically active 
base such as an alkaloid. An alternative method recently developed ^ ^ ® 
consists in introducing the Z-menthoxyacetyl group and separating the 
resulting mixture of diastereoisomeric acids by crystallization. The 
unnatural’^ (d) varieties of amino acids can be prepared by subjecting 
the racemic forms to the action of actively fermenting sugar solutions, ^ 
whereby amino acids having the I configuration are converted, by reduc- 
tive deamination and decarboxylation, into alcohols, 


R-CH(NH2)-C02H R-CH2OH + NHs + CO2 


the d-amino acids remaining intact. 


SOME INDIVIDUAL AMINO ACIDS AND DERIVATIVES 

The subsequent pages contain discussion of the properties of all 
natural amino acids of protein origin except alanine, valine, leucine, 
isoleucine, norleucine, and phenylalanine. These compounds are all of 
great interest from the biochemical standpoint, but as they conform 
closely to the general type of monoamino monocarboxylic acid, reviewed 
above and treated in more detail in the case of glycine, their intimate 
discussion has not been undertaken. 

Glycine. In addition to the general synthetic methods, outlined 
above, some special reactions have led to the formation of glycine. 
Cyanogen is simultaneously reduced and hydrolyzed by hot hydriodic 

acid. 121 

CN CH2NH2 

I + 5HI + 2H2O I + NH4I + 2I2 

CN CO2H 

Holmes and Adams. J. Am. Chem. Soc., 66. 2093 (1934). 

Ehrlich, Biochem. Z., 1 , 8 (1906); 8. 438 (1908). 

1*1 Emmerling, Bcr., 6, 1351 (1873). 
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Hydrogen cyanide on long standing in presence of moisture is converted 
into a crystalline polymer C3H3N3 which on boiling with acids or alkalies 
breaks down into glycine. 

CN-CHNH2 CH2NH2 

3 HCN I + 4H2O -^1 + CO2 + 2NH3 

CN CO2H 

Formylglycine is formed by the action of ammonia upon glyoxylic acid ^ ^ ® 
by a reaction analogous to that which occurs with pyruvic acid (p. 887 ). 

As already stated, glycine is oxidized by peroxides, catalyzed oxygen, 
or silver oxide to ammonia, carbon dioxide, and formaldehyde; on the 
other hand, it yields derivatives of oxalic acid on treatment with per- 
manganate. The formation of ammonium oxamate, NH2CO-CO2NH4, 
by the action of calcium permanganate upon gelatin is ascribed to 
the presence of glycine combined in the protein. 

The detection and estimation of glycine in a protein hydroly- 
sate have generally been effected by taking advantage of the spar- 
ing solubility of its ethyl ester hydrochloride ^ ^ ^ or of its picrate. ^ ^ ® The 
selective precipitation of a complex potassium trioxalatochromiate, 
[Cr(C204)3]6Ki3(NH2CH2C02H)5*2H20, has recently been suggested as 
a method for the quantitative isolation of glycine. None of the 
other natural amino acids is precipitated under the conditions adopted. 
The analogous reagents in which the chromium is replaced by iron or 
cobalt are also selective precipitants for glycine. 

On treatment with cyanamide, glycine is converted into guanidino- 
acetic acid, or glycocyamine, 

NH2-CN + NH2-CH2-CO2H NH 2 ~C(-=NH)-NH^H 2 -C 02 H 

which is also formed by heating glycine with guanidine, or, more con- 
veniently, S-methyliso thiourea. 

NH2-C(=NH)-SCH3+NH2-CH2-C02H-^NH2-C;(=NH)-NH-CHir-C02H-|-CH,SH 

On boiling with dilute hydrochloric acid, glycocyamine undergoes 
internal condensation to glycocyamidine. 

Lange, Ber., 6, 99 (1873); Wippermann, Ber., 7, 767 (1874). 

Erlenmeyer and Kunlin, Ber., 35 , 2438 (1902). 

Kutscher and Schenck, Ber., 37, 2928 (1904). 

126 Fischer and Skita, Z. physiol. Chem., 33 , 177 (1901); Fischer, ibid., 36 , 227 (1902). 

126 Levene, J. Biol. Chem., 1, 413 (1906); Levene and Van Slyke, ibid., IS, 285 (1912). 

127 Bergmann and Fox, ibid., 109, 317 (1935). 

128 Nencki and Sieber, J. prakt. Chem., [2] 17, 477 (1878). Wheeler and Merriam, Am. 
Chem. J., 29 , 478 (1903). 

126 Jaff^, Z. physiol. Chem., 48 , 430 (1906). 
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NH-CH2-CO2H NH-CH2-CO 

i(=:NH)-NH2 C(=NH)— NH 

This compound is also formed by the action of guanidine upon glycine 
ester ^ ^ ^ 

NH2~CH2-C02Et + NH2-C(=NH)-NH2 
NH 2 -CH 2 -C 0 -NH-C(=NH)-NH 2 
NH-CH2-CO 

I I 

C(=NH)— NH 

Sarcosine, the N-methyl derivative of glycine, has not been found 
among the hydrolytic products of proteins, but is of interest in that it is 
formed by the alkaline hydrolysis of caffeine and creatine. It has been 
synthesized from ethyl chloroacetate and methylarninc, by the action of 
formaldehyde and tin upon glycine in boiling acid,^’^ and from benzene- 
sulfonylglycine and methyl sulfate. In its general properties it 
closely resembles glycine. On heating above 200° it breaks down, 
partly into carbon dioxide and dimethylamine and partly into water 
and the diketopiperazine, sarcosine anhydride. 

CHaN— CH2-CO 

I I 

OC-CH2-NCH3 

It is oxidized more rapidly than glycine by silver oxide (cf. p. 881), 
yielding carbon dioxide, formaldehyde, and methylamine. 

Creatine, an important constituent of muscle extract and of certain 
biological fluids, is a-methylguanidinoacetic acid; it has been synthesized 
from sarcosine and cyanamide, 

CH2NHCH3 CN CH2-N(CH3)-C=NH 

I + I I I 

CO 2 H NH 2 CO 2 H NH 2 

or (together with creatinine) from sarcosine and guanidine carbonate. 

Guanidine and its alkyl derivatives are very strong bases, being as 
highly dissociated in aqueous solution as potassium hydroxide;*’ 

Traube and Ascher, Ber., 46 , 2077 (1913). 

Cocker and Lapworth, J. Chem. Soc., 1894 (1931). 

^=*2 MyliuB, Ber., 17 , 286 (1884), 

Volhard, Jahresb., 685 (1868); Paulmann, Arch. Pharm., 232 , 601 (1894). 

Davis and Elderfield, J. Am. Chem. Soc., 64 , 1499 (1932). 

* Symmetrical dialkylguanidines, of which the pK is only about 10.2, form an excep- 
tion to this generalization. 
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creatine accordingly possesses dipolar properties which are even more 
pronounced than those of the amino acids. From determinations 
of its dissociation constant in acid solution^ and its solubility in alka- 
line solutions, ^ ^ ^ it has been estimated that creatine is a thousandfold 
stronger as a base than as an acid. Its solubility in cold water is 1.5 
per cent; in solution it is neutral to litmus, and undoubtedly consists 
mainly of dipolar ions. 

In boiling alkaline solution it breaks down into sarcosine, carbonic 
acid, and ammonia. The decomposition^^® proceeds along two dif- 
ferent routes: 


CH2~N(CH8)-C=NH 
iosH NH, 


CHj-NHCHj CONHj 
i +1 

T* COsH NHj \ CHjNHCH, 

; +CO»+2NH. 

\ CH-N(CH,)-CO COjH 

1 I +NHa 

CO 2 H NHj 


In acid solution, on the other band, ring closure occurs, as in the hydan- 
toic acids (p. 874), with formation of creatinine. 


CH2-N(CH3)-C=NH 

I I 

CO2H NH2 

Creatine 


CH2-N(CH3)-C=NH 
CO NH 


+ H 2 O 


Creatinine 


On treatment with alcoholic hydrogen chloride, creatine yields ester 
hydrochlorides.^^® The free esters, which should be extremely strong 
bases, appear to be incapable of independent existence, for when the 
hydrochloric acid is removed, alcohol is simultaneously split off, with 
formation of creatinine. This loss of alcohol also takes place merely on 
heating the hydrochloride alone or with water — so readily, indeed, that 
creatine ester hydrochlorides have been regarded as salts of creatinine 
in which alcohols are bound in some undetermined manner. However, 
titration curves of creatine ester salts not only clearly demonstrate the 
difference of the dissociation characteristics of the ester from those of 
creatinine but also indicate an irreversible conversion of ester to crea- 
tinine during the progress of the titration from pH 3.5 to pH 5.5. The 
readiness with which this ring closure takes place is not without parallel : 

Cannan and Shore, Biochem. J., 22 , 920 (1928). 

Hahn and Barkan, Z. Biol., 72 , 25 (1920); Eadie and Hunter, /. RioZ. Chem., 67 , 
237 (1926). 

“7 Hahn and Fasold, Z. Biol, 82 , 473 (1926). 
i»8Gaebler, /. Biol Chem., 69 , 613 (1926). 

Dox and Yoder, ibid., 54 , 671 (1922). Kapfhammer, Biochem. Z., 166 , 182 (1926). 
Failey and Brand, J. Biol Chem., 102 , 767 (1933). 
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on treating benzoylpseudoethylthiohydantoic ester with ammonia, the 
resulting ethyl ester of benzoylglycocyamine ^ ^ ^ spontaneously loses 
alcohol, at the moment of formation, to yield benzoylglycocyamidine. 


CH2-NH-C==NCOPh 
T I + NHa 

COaEt SEt 


CH2-NH-C=NCOPh 

I I 

COjEt NH2 


CH2-NH-C=NCOPh 
(io NH 


Analogous cases are cited on pp. 898, 928 and 930. 

On treatment with acetic anhydride, creatine is converted into a 
diacetyl derivative. ' ^ ' An ester of diacetylcreatine has been produced 
by means of an interesting reaction discovered by Bergmann and 
Zervas (p. 928). 

Of great biochemical interest is creatine-phosphoric acid, or phos- 
phocreatine, 

CH2-N(CH3)-C=NH 

I I 

CO 2 H NH-P0(0H)2 

an unstable constituent of mammalian muscle tissue. The hydro- 
lytic breakdown of this substance into creatine and phosphoric acid, 
which occurs under the influence of enzymes present in muscle, is exo- 
thermic and is associated with the development of muscular energy; 
regeneration occurs during repose. 

Creatinine, which is formed from creatine by the action of mineral 
acids, is more soluble in water and, being more electrically unbalanced, 
behaves as a stronger base than creatine. In aqueous solution, 

creatine and creatinine enter into equilibrium, the stationary state being 
established very slowly in the cold but more rapidly at higher temper- 
atures. The reaction rate also depends on the pH level, reaching a 
maximum at pH 4.^^^ The composition of the equilibrium mixture 
depends upon the pH of the solution, the ratio of creatinine to creatine 
rising rapidly from 2 at pH 4 to 20 at pH 2. At pH 5 to 7, the components 
are present in approximately equimolar ratio. In more strongly 
alkaline solution, hydrolysis to ammonia, methylhydantoin, urea, and 
sarcosine occurs. ^ ^ ® 


1*0 Johnson and Nicolet, J. Am, Chem. Soc., 37, 2416 (1915). 

Erlenmeyer, Ann., 284 , 49 (1895). 

Eggleton and Eggleton, Biochem. J., 21 , 190 (1927) ; Meyerhof and Lohmann, 
Biochem. Z., 196 , 22, 49 (1928) ; Fiske and Subbarow, J. Biol. Chem., 81 , 629 (1929) ; 
Parnas and Ostern, Biochem. Z., 279, 94 (1935). 

McNally, J. Am, Chem. Soc., 48 , 1003 (1926). 

Edgar and Shiver, ibid., 47 , 1179 (1925). 
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CH3N- 

NH= 


-CH2 


CH3N- 

I 

:NH=C 


-CH2 


NHa + 


NH— CO 

i 

CH3N CH2 

i 


NH2 CO2H 


-^NH 2 -C 0 + 

I 

NH2 

CH3N CH2 


CH3NH-CH2 


02H 


Ti 


:o 

NH— CO 


i. 


0 


+ NHa 


H2 CO2H 


Creatinine forms a characteristic picrate which is sparingly soluble 
in water. On the addition of alkali, this yellow picrate develops an 
orange-red color. Creatine also forms a picrate which closely resembles 
that of creatinine but yields merely a yellow solution on treatment with 
alkali. These observations, recorded by Jaff6, form the basis of an 
analytical method for the estimation of creatinine. ^ ^ ^ The development 
of the red color in this test is not specific for creatinine, and has been 
observed with glycocyamidine, hydantoins, barbituric acid, and diketo- 
piperazines. On the other hand, no color is formed by derivatives of 
creatinine in which both of the imino hydrogen atoms are replaced by 
methylol groups, or the methylene hydrogen atoms by benzylidene. 
The red color was long supposed to be due to picramic acid, which is 
formed from picric acid by a variety of reducing substances; it now 
appears to be caused by the formation of a salt of a red tautomer of 
creatinine picrate. Picric acid seems to be essential for the Jaff6 
reaction, which does not occur with 2 , 4 - and 2 , 6 -dinitrophenols nor 
even with 2 , 4 , 6 -trinitro-m-cresol. 

Creatinine is capable of forming a silver derivative which contains 
one atom of the metal. On treatment with alkyl iodides, as many as 
three alkyl groups can be introduced, the third involving the formation 
of a quaternary ammonium salt. 

Dimethylglycine can be prepared by the interaction of chloroacetic 
acid and dimethylamine; by condensing formaldehyde cyanohydrin with 
dimethylamine and then hydrolyzing; also, by treating glycine with 
formaldehyde in the presence of tin and hydrochloric acid, ® ^ or of formic 

JafT6, Z. physiol Chem., 10 , 391 (1886); Folin, ibid., 41 , 223 (1904); J. Biol Chem., 
17 , 463, 469, 475 (1914); Folin and Doisy, ibid., 28 , 349 (1917). 

^*®Greenwald and Gross, ibid., 69 , 601 (1924), Greenwald, J. Am. Chem. Soc., 47 , 
1443 (1925); J. Biol Chem., 77 , 539; 80 , 103 (1928); 86 , 333 (1930); Analow and King, 
J, Chem. Soc., 1210 (1929). 

Schmidt, Arch. Pharm., 248 , 568 (1910); Kunze, ibid., 248 , 578; Henzerling, ibid., 
248 , 694 (1910). 

Eschweiler, Ann., 279 , 39 (1894). 
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acid.®® The methyl ester, when heated, rearranges reversibly into 
betaine, 

(CH3)2N-CH2-C02CH3 ^ (CH3)3N+-CH2-C02- 

an example of the alkylating action of carboxylic esters. ^ ^ ^ 

Betaine salts such as the hydrochloride, which can be titrated as mono- 
carboxylic acids, are formed by the addition of chloroacetic acid to tri- 
methylamine or by treating glycine or sarcosine with methyl iodide or 
sulfate. At 260-270° betaine hydrochloride breaks down into tetra- 
methylammonium chloride and carbon dioxide. 

Esters of betaine are of course capable of existing only in the form 
of salts; these are formed directly from trimethylamine and chloroacetic 
esters, from methyl iodide and an ester of dimethylglycine, or as a by- 
product in the methylation of glycine. On treatment with ammonia 
they are converted into salts of betaine-amide. The corresponding 
hydrazide, ^ ® ^ similarly produced from hydrazine, has recently found 
application as a reagent for preparing water-soluble derivatives of insol- 
uble ketones such as sex hormones. 

Aspartic and Glutamic Acids. The chemical character of the 
monoamino dicarboxylic acids resembles in the main that of the mono- 
carboxylic acids; such differences as exist are ascribable to the presence 
of the second carboxyl group. 

Both acids are less soluble in water than the corresponding mono- 
carboxylic acids; the pH of their aqueous solutions is low, but higher 
than the isoelectric point (c/. p. 867). They are extracted by butyl 
alcohol from their solutions at pH 3.^® Both form sparingly soluble 
salts with heavy metals; the salts of barium and calcium are insoluble 
in alcohol. ^ 

di-Aspartic acid is formed by direct addition of ammonia to maleic 
or fumaric acid. ^ ® ® Ethyl fumarate reacts with ammonia to form diethyl 
aspartate and diketopiperazine diacetamide, 

NH 2 CO-CH 2 -CH-CO-NH 

NH-C0-CH-CH2-CONH2 

WiUat&tter and ooUaboratore, 35 , 584, 2757 (1902) ; Hammett and Pfluger, 
J. Am. Chem. Soc., 55 , 4079 (1933). 

Novak, Ber., 45 , 834 (1912). 

*“ Girard and Sandulesco, Helv. Ckim. Acta, 19, 1095 (1936). 

*“ Foreman, Biochem. J., 8, 461, 481 (1914). 

“* Engel, BuU. toe. ehim., [2] 48, 97 (1887); 50, 149 (1888). 

Koemer and Menozzi, Gatz. ckim. ital., 17, 226 (1887). 

•“ Fieoher and Koenige, Ber., 87, 4585 (1904). 
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which on alkaline hydrolysis is converted into dZ-aspartic acid.^*® 
Syntheses of glutamic acid have followed more conventional lines. 

An important difference between aspartic and glutamic acids is 
represented by the readiness with which the latter passes over into 
pyrrolidonecarboxylic acid in hot aqueous solution. 


CH2-CH2-CH-CO2H 
io2H NH2 


CH2-CH2-CH-CO2H 
CO ^NH 


+ H2O 


This reaction, which is reversed by the action of hot concentrated hydro- 
chloric acid, finds no analogy in the case of aspartic acid, and is of course 
referable to the spatial proximity, in glutamic acid, of the groups 
involved. 

Another difference, probably due to a similar cause, resides in the 
contrasting stabilities of the naturally occurring monoamides of the 
two acids, both of which are widely distributed in growing vegetation 
and have been isolated from enzymatic digests of vegetable proteins. ^ 
Asparagine, NH2C0CH2CH(NH2)C02H, is relatively stable in aqueous 
solution over a wide range of hydrogen-ion concentration. Glutamine, 
NH 2 C 0 CH 2 CH 2 CH(NH 2 )C 02 H, rapidly undergoes hydrolysis to ammo- 
nium pyrrolidonecarboxylate^^® in neutral solution at 100°, under 
which conditions asparagine is hardly affected. Introduction of an 
aminoacyl group into glutamine stabilizes the amide linkage, possibly 
by reducing the acidic dissociation of the neighboring carboxyl group. 

Glutamine, readily preparable from the common beet, appears 
to be intimately involved in the detoxification of ammonia and the 
assimilation of nitrogen by plants and animals. Vegetable organisms 
grown under conditions in which ammonia is the sole source of nitrogen 
accumulate relatively large proportions of glutamine,^®® which is also 
synthesized in kidney and other tissues from i(+)-glutamic acid and 
ammonia. This synthesis is an endothermic process, and absorbs 
energy from other biochemical reactions; when formed in brain tissue, 
glutamine is converted to other substances of unknown character, with- 
out liberation of ammonia. These changes do not take place with 
^(~”)"glutamic acid. Mammalian tissues also contain at least two 


Dunn and Fox, J. Biol. Chem., 101, 493 (1933). 

Damodaran and collaborators, Biochem. J,, 26, 235, 1704 (1932). 

Vickery and collaborators, ibid., 29, 2710 (1935). 

Vickery, Pucher and Clark, J. Biol. Chem., 109, 39 (1935). 
i*®Greenhill and Chibnall, Biochem. J ., 28, 1422 (1934); Vickery and collaborators, 
Science, 80, 459 (1934); J. Biol. Chem., 113, 157 (1936); Plant Physiol., 11, 413 (1936). 
Krebs, Biochem. J., 29, 1951 (1935). 
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enz 3 nnes (glutaminases) which cause the hydrolysis of glutamine to 
ammonium glutamate. One of these, present in liver, operates only at 
high hydroxyl-ion concentrations; the other, present in brain, acts in 
the physiological range of pH. 

The synthetic conversion of J(+)-glutamic acid into the natural 
variety of glutamine exemplifies some of the elegant preparative methods 
developed by Bergmann. ^ ® ^ Qn treatment with benzyl chlorocarbonate, 
glutamic acid yields the carbobenzoxy derivative, which with acetic 
anhydride is transformed into an anhydride. 

PhCH20C0NH-CH2-CH2-CH2 PhCH20C0NH-CH-CH2-CH2 

1 I II 

CO 2 H CO 2 H CO— 0 — CO 

This on treatment with ammonia yields a carbobenzoxy derivative of 
iso-glutamine, 

CH2-CH2-CH-NHC02CH2Ph 
io 2 H CONH 2 

isomeric with that from natural glutamine. A similar reaction occurs 
with benzyl alcohol, the a-monobenzyl ester being the sole product. 
This is converted, through the chloride, into the amide; when this 
compound is catalytically hydrogenated, the benzyl groups are split 
off as toluene and the resulting unstable carbamic acid grouping loses 
carbon dioxide, leaving glutamine. 

PhCHaOCONH-UJH— CH 2 — CH 2 PhCH20C0NH-<^H-CH2— CH 2 

iojCHjPh iojK”" iosCHjPh (l^ONHs 

PhCH, + COj NHrCIH-CHj-CHj-CONHj 

+1 + CH,Ph 

CO,H 


Iso-glutamine is formed in the same way from its carbobenzoxy deriva- 
tive. Aspartic acid may be converted into asparagine and iso-asparagine 
by an analogous series of reactions. 

On treatment with hypobromite, followed by hydrolysis, i-asparagine 
is converted into an optically active a,/3-diaminopropionic acid identical 
with that prepared by the action of ammonia upon the /S-chloroalanine 
derived from natural serine. 

Bergmann and collaborators, Z. physiol. Ckem., SSI, 51 (1933); Ber., 6S, 1192 
(1932); 66, 1288 (1933). 
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CONH2 

I 

CH2 Ba(OBrJj 

H— C— NH2 

I 

CO2H 

CH2OH 

I 

H— C— NH2 

I 

CO2H 


CH 2 -NHv 

I >CO 
> H— C — NR/ 


i02H \ fH2NH2 

H— C— NH2 

/ io2H 

H— C— NH2 

I 

CO2H 


This series of reactions establishes the configurational identity of 
natural aspartic acid and serine. By a similar process, glutamine yields 
an a,7-diaminobutyric acid which with its dibenzoyl esters displays 
optical relations analogous to those shown by the natural a, 6 - and «,€- 
diamino acids ornithine and lysine. 

The 7-monoethyl ester of glutamic acid, prepared by the action of 
ethyl iodide upon silver glutamate and by direct esterification of glutamic 
acid, readily undergoes auto-condensation to pyrrolidonecarboxylic acid. 

CH2-CH2-CH-CO2H CH2-CH2-CH-CO2H 

I I - 1 I 

C 02 Et NH2 CO NH 


When its carbobenzoxy derivative is successively treated with ammonia 
and hydrogenated, glutamine results. 


CH2-CH2-CH-CO2H CH2-CH2-CH-CO2H 

I I ->1 I 

C 02 Et NH-C 02 CH 2 Ph CONH2 NH-C 02 CH 2 Ph 

CH2-CH2-CH-CO2H 

- I I 

CONH2 NH2 

Proline. This widely distributed amino acid is distinguished from 
all others, except hydroxyproline, by its inability to yield nitrogen on 
treatment with nitrous acid and by its ready solubility in alcohol. The 
solubility of its copper salt in water, methyl alcohol, and absolute ethyl 
alcohol® has been employed for the isolation of proline. A more 

Karrer and collaborators, Helv. Chim. Acta, 6, 411, 957 (1923) ; 9, 301 (1926). 

Nienburg, Ber., 68, 2232 (1935). 
iw Klabunde, J, Biol. Chem., 90, 293 (1931). 
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selective process^®® involves its precipitation (after the removal of 
histidine and arginine) as the rhodanilate by means of ammonium 
rhodanilate, [Cr(SCN)4-(PhNH2)3]2(NH4)2'3H20. Reinecke salt,^®^ 
[Cr(SCN) 4 * (NH 3 ) 2 ]NH 4 *H 20 , forms a similar precipitate with both 
proline and hydroxyproline. ^ 

Proline has been synthesized by several methods. The most obvious, 
the hydrogenation of a-pyrrolecarboxylic acid, proceeds with difficulty, 
but can be accomplished in acid alcoholic solution by means of platinum 
oxide activated by ferric chloride. 

CH CH CH 2 CH 2 

II II - 1 1 

CH-NH-C-CO2H CH2-NH-CH-CO2H 

A more convenient process involves the hydrogenation, under high 
pressure in presence of Raney nickel, of the 1,2-dicarbethoxypyrrole 
obtained by the action of ethylmagnesium bromide and ethyl chloro- 
carbonate upon pyrrole. ^ 


CH- 

CH 

C2H6MgBr CH CH CICO 2 C 2 H 6 

CH CH 

II 

11 

^ II II ^ 

II II 

CH 

CH 

CH CH 

CH CCO2C2H5 

\ 

nh/" 

\n/ 

1 

\n/ 



1 

MgBr 

CO2C2H5 



CH2 — CH2 CH2— 

-CH2 



1 1 1 

CH2 CHCO2C2H5 -» CH 

1 

CHCO2H 



\nh 

/ 


I 

CO2C2H5 


Pyrrolidonecarboxylic ester yields proline on reduction with sodium 
and alcohol. * ^ * 

Other syntheses start from trimethylene bromide with malonic 
ester; 


Bergmann, ibid., 110, 471 (1935). 

Dakin, “Organic Syntheses, “ Wiley and Sons, New York (1935), Vol. 15, p. 74. 
Kapfhammer and collaborators, Z. physiol. Chem.,, 170, 294 (1927) ; 173, 245 (1928). 
Putokhin, J. Russ. Phys.-Chem. Soc.^ 62, 2209 (1930) [C. A.^ 25, 3995 (1931)]. 
Signaigo and Adkins, J. Am. Chem. Soc., 58 , 1122 (1936). 

Fischer and Boehner, Ber., 44 , 1332 (1911). 

Willst^tter and Ettlinger, Ann., 326, 91 (1903). 
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EtONa 

Br(CH2)3Br + CH2(C02Et)2 > Br(CH2)3-CH(C02Et)a 

Br. NH, CH2 CH2 

> BrfCH2y3-CBr(C02Et')2 >• I I 

i-NH-C(CONH 2)2 


CHa 

HCl CH2 CH2 

> ' ' 


CH2-NH-CH-CO2H 

phthalimide and malonic ester; ' 

/CO\ /CO. 

C,H4<^ ^NK + Br(CH,)2Br — C.H4<^ ^N(CH,).Br 


''CO 

/CO. 


CO-' 

CO. 


C6H4<(^^^N(CHs)3CH(CO,Et)j — C.H4<^^)>N(CHj),CBr(COjEt) 


CH2 


C6H4(C02H)2 + I 

CHs-CHj-NH 

or phthaliminomalonic ester. ' 

CNa(C 02 Et )2 


-CH-CO2H 


Br(CH 2 ) 3 Br + 


Br(CH2)3C(C02Et)2 

. . I /CO\ 

>CgH 4 N< >C 6 H 4 

NaOH, HCl CH2-CH2-CH-CO2H 

^ > 1 I 

CH2 NH 


A s3Tithesis of entirely different type starts from a-piperidone.*^® 
CH2— CH2— C;H2 pcu CH2-CH2-CCI2 H2O CH2-CH2-CCI2 

CH2-NH-CO ^ CH2-N = CC 1 CH2-NH— CO 

CH2-CH2-CCI2 NaHg CH2-CH2. 

I 1 ^ I ^CH-COaH 


CH2-NH2 CO2H 


CH2-NH' 


Like other amino acids, proline yields an ester hydrochloride on 
boiling with alcoholic hydrogen chloride. The free esters of proline are 
unstable and spontaneously lose the elements of alcohol to yield the 
tricyclic diketopiperazine, proline anhydride. * ^ ® 

CH2-CH2-N— CO— CH-CH2-CH2 

I I I I 

CH2 CH-CO-N CH2 

m Fischer, Bcr., 34 , 454 (1901). 

Sorensen and Andersen, Z. physiol. Chem., 66, 236 (1908). 

Heynions, Ber., 66, 846 (1933). 

Kapfhammer and Matthes, Z. physiol. Chem., 223 , 43 (1934). 



NATUHAL AMINO ACIDS 


901 


With phenyl isocyanate proline yields the corresponding hydantoic 
acid, which with hydrochloric acid is converted into the phenyl- 
hydantoin. 

CHj-CH,-NH CHj-CHr-N-CONHPh CH2-CH2-N CO 

(i)H 2 in-COsH djHj ^H-COjK -^H-CO-NPh 

The conversion of proline into a carbamate by the action of carbon 
dioxide in presence of barium hydroxide (p. 874) has served for its 
isolation from protein hydrolysates. 

Electrolytic oxidation in acid solution ^ ^ converts proline first into 
a-pyrrolidone, which then is partly hydrolyzed to 7 -aminobutyric acid 
and partly further oxidized to succinimide. 


CH 2 CH 2 

djHj dlH-COjH 

\nh/ 


CH2 — CH2 


CHf 
(!;Hj 


-CH2 


^ io (l:o 
^ ^nh/ 


^20 


CO 

CH2 


CH 2 — CH 2 

CH2 /g (i: 02 H (I302H 
io2H 


^NHs 


Putrefactive organisms cause the reduction of proline to 5-amino- 
valeric acid and n- valeric acid. 

On methylation, proline is converted into its betaine, stachydrine, 
the picrate, mercurichloride and aurichloride of which are sparingly 
soluble and afford a form in which proline can be quantitatively esti- 
mated.^^® Stachydrine, when heated under reduced pressure at 235°, 
passes over into the isomeric methyl ester of hygric acid. ^ 


CH2-CH2V + 

^N(CH3)2 


CH2-CH1 


CH2-CH 

I 

C02- 


CH2-CH 

1 

C 02 CH 3 


^NCHs 


Serine. Serine occurs in proteins of both animal and vegetable 
origin. It has been synthesized by applying the Strecker cyanhydrin 
procedure to glycollaldehyde and, more conveniently, to ethoxyacetalde- 
hyde;^®® in the latter synthesis the final hydrolysis is effected with 
hydrobromic acid to remove the ethyl group. Serine has also been 


Takayama, Bull. Chem. Soc. Japan, 11 , 138 (1936). 

Engeland, Ber., 42 , 2962 (1909); Z. physiol. Chem., 120 , 130 (1922). 
Schulze and Trier, ibid., 67 , 69 (1910); Trier, ibid., 67 , 324 (1910). 

1*® Dunn, Redemann and Smith, J. Biol. Chem., 104 , 611 (1934). 
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synthesized by the condensation of ethyl hippurate with ethyl formate, 
with subsequent reduction and hydrolysis, * * ^ 

NH-COPh EtONa NH-COPh 

HC 02 Et+ I > 1 


NaHg 


CH2-C02Et 

NH-COPh 


HCO-CH-COaEt 

NH2 

I 

HOCH2-CH-CO2H 


H0CH2-CH-C02Et 
and from methyl acrylate'®^ by the following series of reactions: 

CH2 CH2OCH3 CH2OCH3 

II 

CH 


Hg(OCOCH.), + CH^^ iHHgOCOCHa ^ 6HHgBr 


CO2CH3 

CH2OCH3 
4 CHBr 

I 

CO2CH3 


Bra 


Na 0 H;H 2 S 04 


I 

CO2CH3 
CH2OCH3 

I 

> CHBr 

I 

CO2H 


NH, 


CO2CH3 

CH2OCH3 

I 

♦ CHNH2 

I 

CO2H 


HBr:H20;NH, 


CH2OH 

I 

> CHNH2 

I 

CO2H 


The resolution of racemic serine has been effected by fractional 
crystallization of alkaloid salts of its p-nitrobenzoyl derivative. ‘ The 
configurational relationship of the natural ( — ) variety to natural (+) 
alanine has been established^®'* by direct conversion. 


NH2 


NH 2 HCI PCI. 


NH2HCI 


HOCH2-CH-CO2H HOCH2-CH-CO2CH3 CICH2-CH-CO2CH8 


NaHg 
> 


NH2 

I 

CH3-CH-CO2H 


Racemic alanine is formed by heating inactive serine with hydriodic 
acid and phosphorus. 

Erlenmeyer and Stoop, Ann., 887 , 236 (1904). 

Schiltz and Carter, J, Biol. Chem., 116 , 793 (1936). 

Fischer and Jacobs, Ber., 89 , 2942 (1906). 

Fischer and Raske, Ber., 40 , 3717 (1907). 
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On boiling with sulfuric acid, serine slowly breaks down into ammonia 
and pyruvic acid. i i 

H0CH2-CH(NH2)-C02H CH2=C(NH2)-C02H 

CH 3 -C(=NH)-C 02 H ^ CH 3 -CO-CO 2 H + NH 3 

This change occurs more readily in alkaline solution but is compli- 
cated by side reactions which lead to the production of oxalic acid, lactic 
acid, alanine, and glycine. The fonnation of glycine has been attrib- 
uted^®® to a reaction analogous to reversal of aldolization, which takes 
place more smoothly with phenylserine. ^ ®® 

Ph-CH0H-CH(NH2)-C02H PhCHO + CH2(NH2)-C02H 


The conversion of serine to pyruvic acid has also been effected by 
reactions in which intermediate products have been isolated; ^®^ either 
by dehydration and subsequent acid hydrolysis of an azlactone; 


HOCH 2 -CH-NH 2 


HOCH j-CH-NH-CO-CH , 

iojH 


an 

CHa=C— N=^-CHa CHsCO 


H0CH2-CH-N==C-CH, 

io— i 


-h NH, 4- CHaCOaH 


io O iosH 

or by acetylation and alkaline hydrolysis of the phenylhydantoin. 
HOCH 2 -CH-NH-CO Ac^O AcOCHa-CH-NH-CO 

I I 

CO NPh 

.TNTir ■n.Tt'T r~^TT , 




:o NPh 

CH2=C-NH-C0 NaOH 

1 I — > 

CO NPh 


CH 3 CO NH 2 -CO 

I + I 

CO 2 H NHPh 


The phenylhydantoin of serine can also be broken down directly into 
pyruvic acid and phenylurea by treatment with alkali. 

On treatment with nitrous acid ' or exposure to light in the presence 
of oxygen and a trace of ferrous sulfate ‘ serine yields small quantities 
of acetaldehyde. The principal reaction with nitrous acid, however, 
is the normal formation of glyceric acid. 


1®* Erlenmeyer, 5er., 35, 3769 (1902). 

1 ®® Bettzieche, Z. physiol. Chem., 150, 177 (1925). 

1®^ Daft and Coghill, J. Biol. Chem.^ 90, 341 (1931). 
188 Nicolet, Science, 74, 250 (1931). 

Bergmann and Delis, Ann., 458, 76 (1927). 
Neuberg, Biochem. Z., 67, 59 (1914). 
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On subjection to putrefactive organisms serine yields propionic and 
formic acids^®^ or, under anaerobic conditions, ethanolamine.^®^ 

A phosphorus-containing amino acid having the composition of 
serine-phosphoric acid, 

CH(NH2)-C02H 

CH20P0(0H)2 


has been isolated ^ ® ^ from the products of acid hydrolysis of vitellic acid, 
a hydrolysis product of vitellin (from egg yolk), and of casein. The 
compound, which is slowly hydrolyzed in acid, rapidly in alkaline solu- 
tion, has been synthesized by the action of phosphorus pentoxide in 
phosphoric acid upon d/-serine, followed by resolution of the brucine 
salts. 

Threonine. A homolog of serine, ^-amino-jS-hydroxybutyric acid, 
is a constituent amino acid of proteins. It was first isolated, in optically 
inactive form, from the monoamino monocarboxylic fraction by taking 
advantage of the solubility of its zinc salt in water and in alcohol and 
the insolubility of its copper salt in methyl alcohol. Its isolation in 
optically active fom. has been accomplished by Rose and his col- 
laborators,^^® who have demonstrated its indispensability for growth 
in the rat and have established its constitution. The configuration of 
the a-carbon atom is that of the natural ( 1 ) amino acids, since on reduc- 
tion with hydriodic acid and phosphorus it yields the /(+)-a-amino-n- 
butyric acid identical with that obtained from biological material. On 
oxidation successively with Chloramine T and with bromine it is con- 
verted into d(“-)-lactic acid. 


CO 2 H 

I 

NH 2 — C-H Hi+p 

I < 

CH2 

CHs 


CO 2 H 

I CHO CO 2 H 

NH 2 — C— H Chl.-T 1 Br, I 

^ H— C— OH — H— C— OH 


H— C— OH 

I 

CH 3 


CHs 


CHs 


The constitution thereby established is supported by the behavior with 
nitrous acid, which with a-amino acids brings about the replacement 

Brasch, ibid., 22, 403 (1909). 

Nord, ibid., 96, 281 (1919). 

Levene and collaborators, J. Biol Chen., 98, 109 (1932) ; 103 637 (1933) • 105 
647; 106, 595 (1934). ’ » 

Lipmann, Biochem. Z., 262, 3, 9 (1933). 

Schryver and Buston, Proc. Roy. Soc. (London), B99, 476 (1926), 

McCoy, Meyer, and Rose, J. Biol Chem., 112, 283 (1935). 

Meyer and Rose, ibid., 115, 721 (1936). 
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of amino by hydroxyl groups without Walden inversion; threo- 
dihydroxybutyric acid corresponding to d( — )-threose is produced. It 
is proposed that the natural a-amino-/3-hydroxybutyric acid, although 
it is an Z-amino acid, be termed d(— )-threonine. 

P-Hydroxyglutamic Acid. The dicarboxylic acid fractions of 
hydrolyzed casein and zein have been shown by Dakin to contain, 
besides aspartic and glutamic acid, a /3-hydroxyglutamic acid, which 
appears to be a constituent of a phosphopeptone from casein. Owing 
to the technical difficulties involved in its isolation^^^ this compound 
has received little attention, and no attempt has been made to ascertain 
the configuration of the /3-carbon atom, which would be of especial 
interest in view of the close structural relationship to threonine. 

On successive treatment with Chloramine T and p-nitrophenylhy- 
drazine it yields the osazone of malic semi-aldehyde. 


C02H 

1 

CHO 


CH=N-NHC6H4N02 

CHNH 2 

i 

1 

CHOH 


1 

C=N-NHCoH4N02 

CHOH 

1 


1 

1 

CH 2 


CH 2 

CH 2 

1 


1 

i 

CO 2 H 

CO 2 H 


C 02 H 


In hot aqueous solution it passes over reversibly into a hydroxypyrrol- 
idonecarboxylic acid.^^^ 

CH.-CHOH-CH-CO 2 H CH 2 -CHOH-CH-CO 2 H 

1 I I 1 

CO 2 H NH 2 CO NH 


Two syntheses of inactive ^hydroxyglutamic acid have been 
devised. The first of these starts with glutamic acid. 


C02H 

CO-NH 

1 

CHNH2 

1 

CH-NH 

1 KOCN, HCl 

1 

CH2 > 

CH2 

j 

CH2 

j 

CH2 

1 

CO2H 

1 

CO2H 




CH 2 

I 

CO 2 H 


Leveno, Chem. Rev., 2 , 179 (1926). 

Dakin, Biochem. J., 12 , 290 (1918); Z. physiol. Chem., 130 , 159 (1923). 
Rimington, Biochem. 21 , 1179, 1187 (1927). 

Gulland and Morris, J. Chem. <Soc., 1644 (1934). 

20* Dakin, Biochem. 13 , 398 (1919). 
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H2O 
> 


CO-NH\ 

CO2H 

1 >CO 

1 

CH-NH/ 

CH-NH2 

1 Ba(OH), 


CH ^ 

II 

CHOH 

II 

CH 

I 

CH2 

1 

CO2H 

j 

CO2H 


The second, and more convenient, synthesis involves the catalytic 
reduction of ethyl isonitrosoacetonedicarboxylate : 


C02Et 

COsEt 

COaEt 

CO2H 

1 

CH2 

1 

1 

C=NOH 

1 

CHNH2 

CHNH2 

CO 

CO 

1 

1 

CHOH 

1 

CHOH 

1 

1 

CHa 

1 

CH2 

1 

CH2 

1 

CH2 

1 

COaEt 

1 

COoEt 

1 

COaEt 

1 

CO2H 


The synthetic product consists of a mixture of two racemic diastereoiso- 
mers, the separation uf which has not been accomplished. 

Hydroxyproline. 7-Hydroxyproline, which has been stated 20 4 to 
occur in combination in proteins of animal, but rarely in those of 
vegetable origin, resembles proline in its solubility in alcohols. Its cop- 
per salt, soluble in methyl alcohol, differs from that of proline by being 
insoluble in absolute ethyl alcohol. Like proline, hydroxyproline is 
precipitable by Reinecke salt; on the other hand, the rhodanilate is 
soluble. 


Its relation to proline was ascertained by Fischer, at the time of its 
discovery, by its conversion into proline on heating with phosphorus 
and hydriodic acid. The position of the hydroxyl group was subse- 
quently established by synthesis. 


+ CHNa(C02Et)2 

CICH2-CH-CH2 

Ch ClCHs-CH-CHs-CCl-COzEt 


ClCH2-CH-CH2-CH-C02Et 


O- 


-CO 


0 - 


-CO 

NH. 


CH2- 


CICH2-CH-CH2-CHCI 

0 io 


-NH 


HOCH-CH2-CH-CO2H 


Harington and Randall, ibid., 25 , 1917 (1931). 

Spdrer and Kapfhammer, Z. physiol. Chem., 187 , 84 (1930). 

206 Fischer, Ber., 35 , 2660 (1902). 

206 Leuchs and collaborators, Bcr., 38 , 1937 (1905); 41 , 1726 (1908); 45 1960 (1912V 
46,986 (1913). 
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The resulting inactive mixture of diastereoisomers was separated, by 
crystallization of the copper salts, into two racemic compounds. One 
of these was converted into the phenylhydantoic acid ; the quinine salt 
of this on fractional crystallization yielded a product identical with the 
corresponding derivative of the natural amino acid. The synthetic 
product was converted into the natural hydroxyproline by heating with 
ammonia. 

CH2 N-CONHPh CH2 NH 

11 + NHs -^11 + NHiCONHPh 

HOCH-CH2-CH-CO2H HOCH-CH2-CH-CO2H 


In a similar synthesis, subsequently performed, the order of some 
of the steps was altered: 

ClCHa-CH-CHs-CH-COsEt nh, NH2CH2-CH-CH2-CH-CONH2 

i io i A< 


CO 

NH2CH2-CH-CH2-CH-C02H 

O CO 

CH2-NH2 
-4 CH-CH2-CHBr 

I I 

O CO 


30 


NH2CH2-CH-CH2-CBr-C02H 

I I 

O CO 

CH2 NH 

I I 

CH-CHo-CH 


OH 


CO2H 


On treatment with sodium hypochlorite, hydroxyproline yields a 
volatile product which gives color reactions with dimethylaminobenzal- 
dehyde and with isatin.-'*’* This is pyrrole.-*’® 


CH2-NH-CH-CO2H 

I I 

HOCH CH2 


CH-NH-CH 


CH- 


CH 


-f- CO2 


On putrefaction, hydroxyproline, like proline, yields S-aminovaleric 
acid. 21® 

Tjrrosine. This phenolic amino acid is very widely distributed as a 
protein component; however, it is not present in gelatin. Its presence, 
in combination, is mainly responsible for the yellow color developed by 
proteins with nitric acid followed by ammonia or alkali (xanthoproteic 
reaction), and the pink color produced by Millon’s reagent (a solution of 
mercurous nitrate in nitric acid). The latter test is characteristic for 

Traube, Johow and Tepohl, Ber., 66, 1861 (1923). 

Lang, Z. physiol. Chem., 619, 148 (1933). 

•o* Waldschmidt-Leitz and Akabori, ibid., S24, 187 (1934). 

»'» Keil and Gttnther, ibid.. Ml, 10 (1933). 
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phenols containing a free or</io-position. Tyrosine also yields a red color 
on treatment in alkaline solution with diazobenzenesulfonic acid^ ^ i and 
green or red colors with sulfuric acid solutions of formaldehyde or acetal- 
dehyde respectively. 2 1 2. 2 1 3 Quantitative color tests, applicable to the 
estimation of small quantities of tyrosine, depend upon the formation 
of a blue color with alkaline phosphomolybdate solution^ and upon a 
standardized application of Millon's test. ^ ^ ^ 

The synthesis of dZ-tyrosine has been accomplished by the hippuric 
acid method^i^ and by the introduction of hydroxyl into phenylala- 
nine^ by successive nitration, reduction, and diazotization. This 
second method is of interest as exemplifying the possibility of diazotizing 
an amino group attached to an aromatic nucleus without affecting 
another present in a side chain. 

When heated under reduced pressure, tyrosine loses carbon dioxide 
with formation of tyramine. 


CH2-CH(NH2)C02H CH 2 -CH 2 NH 2 








k/ 


\x 

OH 

OH 


+ C02 


This pyrolysis proceeds more satisfactorily in a mixture of diphenylme- 
thane and diphenylarnine at 260-265° under atmospheric pressure. 

The configurational relationship of natural levorotatory tyrosine to 
other amino acids has been confirmed by oxidation of the N-benzoyl 
derivative, which yields the benzoyl derivative of natural Z-aspartic 
acid. 2 1 8 

C6H4OH 

I 

CHz 

I 

H— C— NHCOPh 

I 

CO2H 


CO2H 

I 

CH 2 


H—C— NHCOPh 

iosH 


When tyrosine is subjected to the action of air in presence of the 
enzyme tyrosinase, which exists in a variety of animal and vegetable 

211 Pauly, ibid., 42 , 508 (1904). 

212 Denigfes, Compt. rend., 130 , 583 (1900); Bull. soc. chim., [4] 3, 786 (1908). 

21* Morner, Z. physiol. Chem., 37, 86 (1902). 

21^ Folin and Marenzi, J. Biol. Chem., 83, 89 (1929). 

21* Folin and Ciocalteu, ibid., 73, 627 (1927). 

21® Erlenmeyer and Halsey, Ann., 307, 138 (1899). 

217 Erlenmeyer and Lipp, Ann., 219 , 161 (1883). 

*1® Goldschmidt and Freyss, Ber., 66, 784 (1933). 
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tissues (e.g., mealworms or potatoes), oxidation occurs, a dark amor- 
phous, weakly acidic pigment called melanin being formed as the final 
product. Of the series of reactions which takes place, the first is the 
introduction of a hydroxyl group in the position ortho to that in the 
tyrosine.^ The product, i-3,4-dihydroxyphenylalanine, has been iso- 
lated from extracts of various vegetable and animal tissues, but has 
never been obtained from protein hydrolysates. The racemic variety, 
synthesized by standard processes, has been resolved into its optically 
active components by crystallizing the brucine salts of the acetyl deriva- 
tive prepared by hydrogenating the condensation product of protocate- 
chualdehyde and acetylglycine.^^^ 

Being an o-dihydroxylic phenol, dihydroxyphenylalanine is readily 
autoxidizable in alkaline solution, or in neutral solution in the presence 
of a specific oxidase, with formation of melanin. Apparently the only 
reaction specifically induced by tyrosinase is the introduction of the 
hydroxyl group; this reaction, however, also takes place with other 
phenols. Raper-^'*^’ has shown that the production of melanin 
involves the intermediate formation of derivatives of indole. 


A 

HO^ 


-CH 2 


O HO/^CH: 


ch(nh2)-co2H hoi 




Tyrosine 

O 0==/N— CH 2 




CH(NH2)-C02H 
3,4-Dihydroxyphenylalanme 

HO^ CH2 


CH(NH2)-C02H HOI 


Ho/\ CH 


CH-CO 2 H 


HOl 


O 


0 = 

0=i 


-CH 3 


Red intermediate 


CH-CO 2 H 


HOf^ 


C-CO 2 H 


CH 




CH 
NH/ 


The chemical nature of melanin is still obscure ; it appears to repre- 
sent a further stage in the oxidation of 5,6-dihydroxyindole. Melanin 


Raper, Biochem. 20, 735 (1926). 

Harington and Randall, ibid., 26, 1028 (1931). 

Raper and collaborators, ibid., 21, 89, 1370 (1927) ; 29, 76 (1935). 
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or similar products are formed, though more slowly, by the action of 
tyrosinase upon substances such as tyramine and N-methyltyrosine, 
closely allied to tyrosine: 


r^^V-CH2 


HOl 




CH 2 NH 2 


/^CH2 


HOl 




CHNHCHa 

I 

CO2H 


Tyrosol (jS-p-hydroxyphenylethanol) yields a red product, presumably 
an o-quinone. 

Like other phenols, tyrosine responds readily to substitution, yielding 
with chlorine or bromine the corresponding dihalogenated tyrosine. 
Dibromotyrosine gives no color with Millon^s reagent, diazo compounds, 
or formaldehyde in sulfuric acid, but responds to the phosphomolybdate, 
ninhydrin (p. 879), and xanthoproteic tests. Its isolation from the 
products of alkaline hydrolysis of a Norwegian coral has been reported. ^ ^ ^ 

3,5-Diiodotyrosine (iodogorgonic acid), which can be synthesized 
by the action of iodine upon tyrosine in weakly alkaline solution, is 
also present, in combined form, in proteins which have been artificially 
iodinated^^^ and in certain natural proteins. It was first isolated^^s 
from the axial skeleton of a coral {Gorgonia cavolini)y later from 
sponge and from thyroglobulin, the iodine-containing protein of 
the thyroid gland. 2 2 8 , 2 2 9 

Diiodotyrosine breaks down, with loss of iodine, in boiling acid 
solution, but is stable to alkali; hydrolysis of iodine-containing proteins 
by barium hydroxide leads to racemization, and the product, though it 
closely resembles that obtained by iodination of /-tyrosine, actually is 
identical with the racemic variety. The natural isomer, however, has 
been obtained by enzymatic hydrolysis of thyroglobulin. 

Thyroxine. This iodine-containing amino acid, which exerts the 
stimulating effect on metabolism characteristic of thyroglobulin, was first 
isolated by Kendall^ from an alkali hydrolysate of thyroid substance. 


*** Morner, Z. physiol, Chem., 88 , 140 (1913). 

*23 Wheeler and Jamieson, Arn. Chcm. J., 33 , 36.5 (1905). 

*2< Oswald, Z, physiol. Chem., 70 , 310 (1910); 71 , 200; 74 , 290 (1911). 

*2® Drechsel, Z. Biol, 33, 85 (1896). 

*2® Wheeler and Mendel, J. Biol. Chem., 7, 1 (1909). 

227 Oswald, Z. physiol. Chem., 76, 353 (1911). 

22®Harington and Randall, Biochem. J., 23 , 373 (1929). 

Foster, J. Biol. Chem., 83 , 345 (1929). 

Henze, Z. physiol. Chem., 61, 64 (1907). 

Harington and Randall, Biochem. J., 26 , 1032 (1931). 

Kendall, J. Am. Med. Assoc., 64 , 2042 (1915); J. Biol Chem., 89 , 125 (1919). 



NATURAL AMINO ACIDS 


911 


Its composition and constitution were determined by Harington,^^*^ who 
first established the identity of thyronine (the iodine-free product 
obtained by catalytic reduction) with the synthetic p-hydroxyphenyl 
ether of tyrosine, 



and subsequently, with Barger, synthesized thyroxine itself. 



I 1 



The racemic thyroxine so prepared was identical with that obtained 
from thyroid, for the instability of thyroxine toward boiling acids 
rendered necessary the use of barium hydroxide as hydrolysant, with 
consequent racemization. The optically active isomers were prepared 
by resolution of the formyl derivative of 3,5-diiodothyronine (the prod- 
uct of the penultimate step in the above synthesis) followed by hydrolysis 
and iodination. Of these, the levorotatory variety has the same con- 
figuration as natural tyrosine; this relationship was established^^ ^ by 


Harington. Biochem. J., 20 , 293, 300 (1926). 

^ Harington and Barger, ibid., 21 , 169 (1927). 

Harington and collaborators, ibid., 22 , 1429 (1928); 28 , 68 (1934). 
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comparison of the corresponding thyronine with a sample synthesized 
from 1-tyrosine. 


NOs/^I /^CH»-CH-NHCOPh NOv^\|I 
-t- 


I 


1 HO' 


COaEt 


NHj/X 


I 


/^CHa-CH-NHCOPh 
COzEt 


/\cH2-CH-NHCOPh HO/\, 
C02Et 




/^CHi-CHNHa 
CO2H 


Enzymatic hydrolysis of thyroglobulin leads to Z-thyroxine^^® which 
is twice as active physiologically as the racemic product. The same 
relation holds between the respective potencies of thyroxine in naturally 
combined form (thyroid protein) and dZ-thyroxine, from which it appears 
probable that the physiological activity of the latter is due almost 
entirely to the levo component. The observation of some activity in 
d-thyroxine may conceivably be attributable to its biological conversion 
to Z-thyroxine through the corresponding a-keto acid, which has been 
shown to exert, though to a lower degree, the specific physiological 
action of thyroxine. 

Cysteine and Cystine. These sulfur-containing amino acids, struc- 
turally closely related to serine, occur almost universally in proteins; 
in gelatin, however, they are present only in traces. Although they are 
readily interconvertible, it has been found possible, ^ by the application 
of principles discussed below, to demonstrate the extent to which the 
one or the other is present in a given protein or its hydrolysate. Cystine 
is found as such in the urine of persons subject to the obscure metabolic 
disturbance known as cystinuria, and it forms the major constituent of 
the urinary calculi often associated with this condition. 

Cysteine has been synthesized by the action of phosphorus penta- 
sulfide on benzoylserine ester, followed by hydrolysis; 


CH2OH CH2SH 

CHNHCOPh CHNHCOPh 

I I 

C02Et COaEt 


CH2SH 

I 

CHNH2 

(!:)02H 


Harington and Salter, ihid.^ 24 , 456 (1930). 

Foster, Palmer and Leland, J. Biol. Chem., 116 , 467 (1936). 
Canzanelli, Guild and Harington, Biochem. J., 29 , 1617 (1935). 
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and from serine ester hydrochloride by successive treatment with 
phosphorus pentachloride and barium hydrosulfide. 


CH2OH 

I 

CHNH2HCI 

I 

CO2CH3 


CH2CI CH.SH 

I Ba(SH)2 I 

CHNH2-HC1 > CHNH2 

CO2CH3 aioH 


The cysteine so produced from natural serine yields on gentle oxidation 
the natural (levorotatory) variety of cystine. 

CH2SH CH2-S S-CHa 

I O I I 

2 H— C— NH2 > H— C— NH2 H— C— NH. 

I II' 

CO2H CO2H CO2H 


The interconversion of cystine and cysteine is a thermodynamically 
reversible process, the oxidation-reduction potential of which is appar- 
ently characteristic of the general system 


2H -I- RS-SR?:± 2 RSH 


and independent of the nature of the group R.^^® 

Reduction of cystine to cysteine is readily effected, in acid solutions, 
by means of tin or zinc; in neutral "or alkaline solutions an excess of 
another sulfhydryl compound, such as thioglycollic acid, may be 
employed for the reduction of the disulfide linkage in proteins. 

RSSR -h 2 R'SH 2 RSH+R'SSR' 

For preparative purposes, the action of metallic sodium in liquid 
ammonia is often convenient.-^® 

CH2S— SCH2 CH2SNa 

CHNH2 CHNH2 + 2Na 2CHNH2 

I I 1 

CO2H CO2H CO2H 

Oxidation of cysteine to cystine may be effected by oxygen in faintly 
alkaline solution, a reaction catalyzed by traces of salts of iron and other 
metals which form autoxidizable complexes with cysteine. It can 

Fischer and Raske, Bar., 41 , 893 (1908). 

2*0 Fruton and Clarke, Biol Chem,, 106 , 667 (1934). 

2*^ du Vigneaud and collaborators, ibid,, 04 , 233 (1931). 

2*2 Goddard and Michaelis, ibid., 112 , 361 (1935). 

2*2 du Vigneaud, Audrieth and Loring, J. Am. Chem. Soc., 52 , 4500 (1930). 

2 ** Michaelis and Schubert, ibid., 62 , 4418 (1930); 53 , 3851 (1931); Schubert, ibid., 
64 , 4077 (1932). 
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also be carried out in acid solution by means of iodine; this reaction 
forms the basis of a method for the quantitative estimation of cysteine. ^ ® 
With bromine water, the sulfur atoms in cysteine (and cystine) are 
rapidly oxidized to sulfonic acid groups, with production of cysteic acid. 

H 03 S-CH 2 -CH(NH 2 )-C 02 H 

The same reaction takes place, relatively slowly, with iodine. 2*® 

Intermediate oxidation products have been isolated. By the action 
of perbenzoic acid in acetonitrile, cystine perchlorate is converted into 
a disulfoxide, 

CH2-S-S-CH2 

II II 

00 

CHNH2 CHNH2 

I I 

C02H C02H 


which is reduced to cystine by hydriodic acid and oxidized to cysteic 
acid by excess of iodine. In acid solution, spontaneous dismutation of 
the disulfoxide occurs with formation of cystine and a sulfinic acid. 

H02S-CH2-CH(NH2)-C02H 


The latter is also formed by the action of hydrogen peroxide upon the 
complex potassium cobalto biscysteinate.^^® The dismutation of the 
disulfoxide, which is paralleled by the actions of p-thiocresol and 
sodium cyanide. 


CH2~S-S-CH2 

i 

2CHNH2 CHNH2+2C 




— i: 


CHjS - SCH, 


CHjSOjH 




SOaH 


SHNH2 CHNH2+2CHNH2 +C 7 HrS-SC 7 H 7 
(!:0jH (!;OjH ioaH 


CH 2 ~S— S— CH 2 

i iii 

CHNH2 CHNHj+NaCN 


CHjSCN CHsSOiH 

CHNH2 + (inNH, 
GO2H 


possibly involves a hypothetical, highly reactive and unstable sulfenic 
acid. 


Okuda, J, Biochem. (Japan), 5 , 207 (1926) ; Proc. Imp. Acad. (Tokyo) 5 , 246 (1929). 
Friedmann, Beitr. chem. Physiol. Path., 3 , 27 (1903) ; Yamazaki, J. Biochem. (Japan), 
12 , 207 (1930). 

Toennies and Lavine, J. Biol. Chem., 118 , 571, 583 (1936). 

Schuliert, /. Am. Chem. Soc., 56 , 3336 (1933). 
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CH2-S-S-CH2 


00 


CH2SOH CH2SO2H 


H,0 




iHNH2 CHNH2 
O2H CO2H 

CH2SOH CH2SH 


> CHNH2 + CHNH2 

I I 

CO2H CO2H 

CH2SO2H 


2 CHNH2 

ic 


^ CHNH2 + CHNH2 
^ 02 H CO2H CO2H 

CH2SOH CH2SH CH2S— SCH2 

I III 

CHNH2 + CHNH2 CHNH2 CHNH2 

I III 

C02H C02H C02H C02H 


The reaction between cysteine and the hypothetical sulfenic acid 
appears to form one aspect of an equilibrium reaction undergone by 
cystine and other disulfides, especially in alkaline solution. 2**^ 

RSSR + H2O RSH + RSOH 


This equilibrium serves to explain the behavior of cystine toward 
cyanide,^^^’ 

RSSR + NaCN RSNa + RSCN 

and sulfite. 253 

RSSR + Na2S03 RSNa + RSSOaNa 


In this connection mention may be made of the interesting observa- 
tion 25 4 cystine, cysteine, and thioglycollic acid, when given in 

sufficiently large doses, can act as antidotes against cyanide poisoning. 

Like other thiol compounds, cysteine forms water-insoluble deriva- 
tives with silver, mercury, and cuprous copper. Such precipitates are 
also produced from cystine; with silver and mercuric ions, reduction of 
the disulfide linkage takes place at the expense of a portion (about one- 
sixth) which is not precipitated but appears as cysteic acid; 2 5 5 . 256 

Schdberl and collaborators, Ann., 607, 111 (1933); Ber., 67, 1545 (1934); Natur- 
wiaaenachaften, 24 , 391 (1935). 

Shinohara and Kilpatrick, J. Biol. Chem., 106, 241 (1934). 

Mauthner, Z. physiol. Chem., 78, 28 (1912). 

Pulewka and Winser, Arch, exptl. Path. Pharmakol., 138, 154 (1928). 

Clarke, J. Biol. Chem., 97, 235 (1932). 

Voegtlin, Johnson, and Dyer, J. Pharmacol., 27, 467 (1926). 

Vickery and Leavenworth, J. Biol. Chem., 86, 129 (1930). 

«• Bimonsen, ibid., 94 , 323 (1931). 
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excess of cuprous chloride, on the other hand, a quantitative yield is 
obtainable as the disulfide linkage is reduced by the cuprous ion.^®^ 

In colorimetric methods for the analytical estimation of cystine the 
first step consists in the rupture of the disulfide linkage to produce 
cysteine. The procedures elaborated by Folin, ^ ^ ^ and the modifications 
of these, depend upon the blue color produced by the action of 
cysteine (and other sulfhydryl compounds) upon phosphotungstic acid. 
Lugg2 60 has shown that the intensity of this color from pure cysteine 
alone is the same as that from a corresponding quantity of cystine in 
presence of sodium sulfite in excess; cysteine with sulfite yields twice 
the intensity. From this it is clear that, by the oxidizing action of the 
phosphotungstic reagent in the presence of sulfite, all the cystine (or 
cysteine) is ultimately converted into the non-reducing thiosulfonic 
derivative : 


RSSR + RSSR 

T 

RSSR 


Na2SOs 
> 

PW acid 
< 


2RSH + 2RSS03Na 

i 

2RSH 


The development of sulfhydryl compounds of a characteristic purple 
color with nitroprusside has been applied to the estimation of cystine. i 
In this case the disulfide linkage is opened by double decomposition 
with cyanide. 

More specific is the process of Sullivan. this, cystine is 
treated successively with cyanide and l,2-naphthoquinone-4-sulfonic 
acid; the color developed by cysteine is not, in contrast to that from 
other amino acids, discharged on addition of sodium hydrosulfite. As 
in the Folin process, cysteine yields twice the color intensity furnished 
by cystine. Difficulty in obtaining reproducible results by this 
procedure is ascribable to its complicated and highly empirical char- 
acter; the presence of adventitious substances and slight variations in 
technique affect the color intensity. Under certain conditions exposure 
of the final solution to air leads to increase in color Jt seems possible 
that the specific colored product may be present to a variable degree 
in the form of an autoxidizable leuco derivative. A color reaction, 

Rossouw and Wilken-Jorden, Biochem, 29 , 219 (1935). 

Tompsett, ibid., 25 , 2014 (1931). 

Shinohara, J. Biol Chem., 109 , 665 (1935). 

280 Lugg, Biochem. J., 26, 2144 (1932). 

28^ Brand, Harris, and Biloon, J. Biol Chem., 86 , 315 (1930). 

*82 Sullivan, U. S. Pub. Health Repts., 41 , 1030 (1926) ; 44 , 1421 (1929) ; Sullivan and 
Hess, im., 44 , 1599 (1929). 

?83 Lugg, Biochem. J., 27 , 668 (1933). 

*84 Bushill, Lampitt, and Baker, ibid.^ 28 , 1293 (1934). 
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apparently specific and possibly analogous to the preceding, is given by 
cysteine with o-benzoquinone.^®^ 

Derivatives of cysteine in which the sulfhydryl hydrogen atom is 
replaced by alkyl groups are of course devoid of actual or potential 
reducing properties and do not respond to the specific color tests. They 
may conveniently be synthesized by the action of alkyl halides upon the 
sodium derivative of cysteine in aqueous^®® or liquid ammonia^®^ goi^. 
tion. An interesting member of this series is djenkolic acid, present in 
the Djenkol bean,^®® the synthesis of which from 1 -cysteine has been 
accomplished by the liquid ammonia technique. 2®® 

CHaSNa CH2S-CH2-SCH2 

I I I 

2 CHNH2 + CH2CI2 -♦ CHNH2 CHNH2 

I 1 I 

CO2H CO2H CO2H 

S-Aryl derivatives of cysteine have been prepared by the action of 
diazo compounds upon cysteine ;2 7 o. 2 oe acetylation they are con- 
verted into mercapturic acids. Bromobenzene, given by mouth to a 
dog, is excreted in the urine as p-bromophenylmercapturic acid,®^’- 


CH2-SC6H4Br 

1 

CHNHCOCH3 

1 

CO2H 

in unstable combination with some unknown compound, possibly a glycu- 
ronic acid. The extent to which the bromobenzene is converted to the 
mercapturic acid depends largely upon the amount of cystine available 
in the body. 2 ” 3 - 2 ^ 

Cysteine reacts with aqueous formaldehyde to yield an optically 
active thiazoUdinecarboxylic acid®^® 


Dyer and Baudisch, J. Biol, Chern., 96 , 483 (1932). 

Clarke and Inouye, ilrid., 94 , 641 (1931). 
du Vigneaud, Loring, and Craft, ibid., 106 , 481 (1934). 
van Veen and Hyman, jRcc. trav. chim., 64 , 493 (1935). 

2®® du Vigneaud and Patterson, J. Biol. Chem., 114 , 533 (1936). 

Friedmann, Beilr. chem. Physiol. Path., 4 , 486 (1904). 

Baumann and Preusse, Ber., 12 , 806 (1879); Z. physiol. Chem., 6 , 309 (1881). 
Jaff5, Ber., 12 , 1092 (1879). 

Kapfhammer, Z. physiol. Chem., 116 , 302 (1921). 

Muldoon, Shiple, and Sherwin, J. Biol. Chem., 69 , 675 (1924). 

Ratner and Clarke, J. Am. Chem. Soc., 69 , 200 (1937). 
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CH2 — s 
CH— NH 


-CH2 


I 

CO2H 

in which the basic properties are markedly weaker than in cysteine. 

The stereochemical relations of cystine are of interest. On pro- 
longed boiling with hydrochloric acid,^^® 1-cystine loses its optical 
activity, being converted into a mixture of the truly racemic and the 
meso varieties. The latter is incapable of resolution: 

CH2S SCH2 


NH2— C— H H— C— NH2 


I I 

CO2H CO2H 

Mesocystine 

Like serine, cysteine and cystine break down in hot alkaline solution 
to yield ammonia and pyruvic acid; sulfide is also formed. The decom- 
position is accelerated by the presence of lead oxide, pyruvate, or aro- 
matic aldehydes; acylation also increases the instability towards alkali. 
Nicolet, from a consideration of the behavior of / 3 -ketonic sulfides toward 
alkali, 

RC0-CH2~CHR-SR RC(OH)=CH-CHR-SR RCO-CH=CHR -f RSH 

has suggested^ that the alkaline decomposition of cysteine takes the 
following course: 

SH O SH OH 0 

CHs-CH-doH ^Hr-C=COH HjS + CH 2 =C-<!:OH CH, CO-CO, H + NH, 

I I I 

NH, NH, NH, 

supporting this view by the synthesis of cysteine derivatives from 
mercaptans and unsaturated azlactones or the corresponding open-chain 
esters. 

PhCH=C— N=CPh 

I I -HCtHtSH -f- EtONa 

CO 0 \ PhCH-CH-NHCOPh 

PhCH=C-NHCOPh / CzHri COzEt 

I + C7H7SH 

C02Et 

Hoffmann and Gortner, ibid., 44 , 341 (1922). 

277 du Vigneaud and collaborators. J. Biol. Chem., 94 , 243 (1931); 98 , 677 (1932)- 
102 , 287 (1933); 107 , 267 (1934). 

*78 Nicolet, J. Am. Chem. Soc., 63 , 3066 (1931); 54 , 1998 (1932); J, Biol. Chem. 96 
389 (1932). 
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Methionine. Although it had for many years been evident that 
sulfur must exist in proteins in a form other than that of cystine or 
cysteine, the first definite hint of its nature was afforded in 1914 by the 
observation of Morner^^^ that oxidation of proteins with nitric acid 
leads to the formation of methanesulfonic acid in yields totally unrelated 
to their content of cystine. That this compound is not formed from 
pure cystine was shown by direct experiment. In 1923 Mueller^®^ 
isolated from protein hydrolysates a crystalline amino acid isomeric 
with ethyl cysteine but differing from it in being stable to boiling alkali. 
The same product was shortly thereafter obtained from yeast by extrac- 
tion with 80 per cent alcohol. Its constitution was established by Bar- 
ger and Coyne, who synthesized the racemic form by applying 
the Strecker synthesis to /3-methylthiolpropionaldehyde. 

HCl 

CH,SCHr-CH2-CHO -f HCN -f NHg > CH3SCH2-CH2-CH(NH2)-C02H 

More advantageous syntheses, later developed, involve the application 
of the malonic ester and the phthaliminomalonic ester procedures 
to /3-chloroethyl methyl sulfide. 

i-Methionine is now recognized as an almost universal constituent 
of proteins, from which it is liberated by acid hydrolysis and by the 
action of proteolytic enzymes. Like other monoamino monocar- 
boxylic acids, it is extractable from neutral solution by butyl alcohol; 
it is a frequent contaminant of leucine of protein origin, from which 
it can be separated as a sparingly soluble mercury derivative. 

Normally it is metabolized to sulfate to about the same extent as 
cystine; in the cystinuric, it is excreted largely as cystine. favors 

the production of p-bromophenylmercapturic acid (p. 917) in dogs receiv- 
ing bromobenzene,288 and stimulates the growth of rats on diets from 
which cystine is absent. 

It thus appears that the body can convert methionine into cystine. 
The manner in which this change is brought about is not clear. It has 


Morner. Z. physiol. Chem., 93. 175 (1914). 

Mueller, J. Biol. Chem., 56, 156 (1923). 

Barger and Coyne, Biochem. J., 22 , 1417 (1928). 

282 WinduB and Marvel, J. Am. Chcrn. Soc., 52 , 2575 (1930), 
Barger and Weichselbaum, Biochem. J., 25 , 997 (1931). 
Pirie, ibid., 26 , 2041 (1932); 27 , 202 (1933). 

Mueller, Science, 81 , 50 (1935). 

Hill and Robson, Biochem. J., 28 , 1008 (1934). 

Brand, Cahill, and Harris, J. Biol. Chem., 109 , 69 (1935). 
*** White and Lewis, ibid., 98 , 607 (1932). 

Jackson and Block, ibid., 98 , 465 (1932). 

du Vigneaud, Dyer, and Harmon, ibid., 101 , 719 (1933). 



920 


ORGANIC CHEMISTRY 


been suggested^®* that the primary reaction is the demethylation to 
homocysteine, a conversion which can be effected in the laboratory by 
drastic procedures only. On heating in 60 per cent sulfuric acid 
methionine is converted into homocystine 

S-CH2-CH2-CH(NH2)-C02H 

S-CH 2 -CH 2 -CH (NH2)-C02H 


with only slight racemization,®®® and in boiling hydriodic acid it breaks 
down into methyl iodide and the thiolactone of homocysteine, 


CH2-CH2-CHNH2 


CH3S CO2H 


+ HI 


CH3I + 


CH2-CH2-CHNH2 

I I 

S CO 


a reaction which forms the basis for an analytical method for the estima- 
tion of methionine. 

Z( — )-Methionine is converted by nitrous acid and by the action of 
B, subtilis into Z( — )-a-hydroxy-7-methiobutyric acid; on the other 
hand, it is converted by Oidium lactis into the d(+)-hydroxy acid.^®^ 
Both isomers can be utilized for growth in lieu of cystine or methionine, 
which is not true of the a-hydroxy acid corresponding to cystine. 

Homocystine has been synthesized by the rnalonic ester method. 
During the early stages of the synthesis, the sulfur atom is protected 
by a benzyl group, which is later removed (as bibenzyl and toluene) by 
the action of sodium in liquid ammonia. 


PhCHsS-CHz-CHaCl 4 - NaCHCCOzEt), PhCH2S-CH2-CH2-CH(COaEt)2 

Br2 

-> PhCHsS-CH2-CH2-CH(C02H)2 > PhCHjS-CHrCHj-CBrCCOjH), 

^ PhCHjS-CHj-CHj-CHfNHO-COjH HSCHr-CHrOH(NH,)-CO,H 
[— SCHi-CHr-CH(NHj)-C02H], 


The homocysteine, which in the last step is oxidized to homocystine, is 
stable only in alkaline solution; in presence of acid it loses water to 
form the thiolactone, which has no reducing action on iodine until 
the ring has been opened by alkali. In hot 60 per cent sulfuric acid 


Virtue and Lewis, ibid., 104, 59 (1934). 

du Vigneaud and collaborators, ibid., 99, 135 (1932); 109, 97 (1935). 
Baemstein, ibid., 106, 451 (1934); 116, 24 (1936). 

Akobe, Z. physiol. Chem., 244, 14 (1936). 

Patterson and du Vigneaud, J. Biol. Chem., Ill, 393 (1935). 

*®®Riegel and du Vigneaud, ibid., 112 , 149 (1935). 
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homocysteine undergoes oxidation to homocystine to a greater extent 
than ring closure— a finding which partially explains the formation of 
homocystine from methionine. Cold or more dilute sulfuric acid favors 
thiolactonization. 

Homocystine can be converted into methionine by successively treat- 
ing it in liquid ammonia solution with sodium and methyl iodide. 

By resolving S-benzylhomocysteine into its optical components and 
subjecting the products to the reactions outlined above, it has been 
possible to prepare the active isomers of homocystine and methionine. ^ ^ 

The higher homologs, homomethionine and pentocystine, 

CH8S-CH2--CH2~CH2-CH(NH2)-C02H [ — SCH2-CH2-CH2--CH(NH2)-C02lI 2 

have been prepared by analogous methods. Unlike the preceding mem- 
bers of the series, neither is utilizable for growth in place of cystine. 

An amino acid to which the constitution 

H02C~CH(NH2)-CH2-S~CH2-CH2-CH(NH2)-C02H 

is ascribed has been isolated from the products of the action of sodium 
sulfide on wool. ^ ^ ^ Since the existence of this compound, which contains 
the structures of both cysteine and methionine, has not been confirmed, 
doubt exists as to whether it is a true protein component or merely an 
artifact. 

Lysine. The classical methods devised by Kossel and Kutscher,^^® 
for the separation of the three basic amino acids or ‘^hexone bases,” 
form the basis for the modern procedures developed by Vickery and 
Block. ^ ^ ^ An excess of silver sulfate or nitrate is added to a sulfuric acid 
hydrolysate previously adjusted to pH 3-6 with barium hydroxide, 
and the acidity is further reduced by gradual addition of more barium 
hydroxide. At pH 7.0-7.4 histidine, at pH 13-14 arginine precipitate, 
as their silver derivatives. Lysine, which remains in the filtrate, is 
subsequently thrown down as its phosphotungstate and finally converted 
into the picrate. 

Although lysine is extremely soluble in water, it tends to separate 

du Vigneaud and Patterson, ibid., 109 , 97 (1935). 

du Vigneaud and collaborators, ibid., 106, 401 (1934); 108, 73 (1935). 

Kilster and Irion, Z. physiol. Chem., 184 , 225 (1929). 

Kossel and Kutscher, ibid., 31, 165 (1900). 

Vickery and collaborators, J. Biol. Chem., 75 , 115 (1927); 86 , 107 (1930); 93 , 105 
(1931). 

Block, ibid., lOa 457 (1934). 
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from a neutralized casein hydrolysate in association with the sparingly 
soluble tyrosine, with which it appears to form a double salt.^®^ 

Lysine is a fairly general constituent of proteins, though it is absent, 
or nearly so, from alcohol-soluble proteins of vegetable origin. It occurs 
as such, together with other amino acids, in germinating seeds, in which 
proteins are being actively synthesized. Although it is not a constituent 
of normal urine, it has been isolated from that of cystinurics^®^ either 
as such or as the ureidohydantoin formed by the action of urea.^^® 

In only those proteins which contain lysine can the amino group be 
detected. The lysine appears to be linked with other amino acids 
through its carboxyl and a-amino groups, the terminal group supplying 
practically all the free amino groups ascertainable in proteins by means 
of nitrous acid,^^^ for the values so obtained correspond closely to one- 
half of those for lysine nitrogen. Moreover, no lysine is obtainable from 
proteins which have been deaminized by nitrous acid.^^®*^®® In the 
reaction with nitrous acid (Van Slyke procedure) evolution of nitrogen 
from proteins can be almost completely suppressed by chilling to 0-3°; 
at this temperature lysine yields only one-half of its nitrogen, but at 32° 
yields all in 5 minutes. It is the terminal group of lysine which is the less 
reactive, for alanine responds readily and completely to nitrous acid 
g^t 3°. 3 1 0 Proteins which have been benzoylated or benzenesulfonylated 
yield on hydrolysis the €-benzoyl‘^^ * and e-benzenesulfonyl^ ^ - deriva- 
tives of lysine, respectively. 

dZ-Lysine has been synthesized by reducing ethyl a-isonitroso-S- 
cyano valerate with sodium and alcohol;^ 

NCM:;H2-CH2-CH2Cl-fNaCH(C02Et)2 NOCH2-CH2-CH^H(C02Et)2 

EtONO 

> NC-CH2-CH2-CH2-C(=N0H)-C02Et 

Na.EtOH 

> NH2CH2-CH2-CH2-CH(NH2)-C02H 

by reduction of the condensation product of 7 -chlorobutyronitrile and 

Fischer and Abderhalden, Z. physiol. Chem., 42 , 540 (l904). 

Ackermann and Kutscher, Z. Biol.^ 57 , 365 (1911). 

Hoppe-Seyler, Z. physiol. Chem., 214 , 267 (1933). 

Kossel and collaborators, ihid.^ 76 , 457; 81 , 274 (1912). 

Van Slyke and Birchard, J. Biol. Chem., 16 , 539 (1914). 

Skraiip and Kaas, Anii., 361 , 379 (1906). 

Kossel and Weiss, Z. physiol. Chem., 78 , 402 (1912). 

310 Sure and Hart, J. Biol. Chem., 81 , 527 (1917). 

311 Goldschmidt and Kinsky, Z. physiol. Chem., 188 , 244 (1929). 

312 Gurin and Clarke, J. Biol. Chem., 107 , 396 (1934). 

313 Fiscjher and Weigert, Ber., 35 , 3772 (1902). 
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sodium ethyl phthaliminomalonate, followed by hydrolysis;**** and 
from benzoylpiperidine^is by the following steps: 

CHa-CHr-N-COPh PCI5 CH2-CH2CI KCN CH2-CH2-CN 

(!:Hr<3Ha-(!;H2 (i:H2-CH2-CH2-NHCOPh iHa-CHa-CHa-NHCOPh 


KOH CHj-CHj-COiH Brs CHi-CHBr-COjH 

iH2-CH2-CH2-NHCOPh ^ I^Hj-CHa-CHa-NHCOPh 

NH, CH2-CH(NH2)-002H hci CH2-CH(NH2)-C02H 

> I > I 

CH 2-CH 2-CH2-NHCOPh CH 2-CH2-CH 2-NH 2 


2-CH 2-CH2-NHCOPh 


CH2-CH2-CH2-NH2 


In a convenient modification of this synthesis, the intermediate 
€-benzoylaminocaproic acid is prepared from cyclohexanoneoxime. 

CH2-CH2-C==N()H H.SO4 CH2 CH2 CO 


CH2-CH2-CH2 


CH2-CH2-CH2-NH 


da. H2SO4 CH2-CH2-CO2H Phcoci CH2-CH2 -CO2H 


CH2-CH2-CH2-NH2 


CH2-CH2-CH2-NHCOPh 


Lysine forms a dibenzoyl derivative, lysuric acid, ^ ^ ^ which on par- 
tial hydrolysis by acid yields a monobenzoyl compound.^^^ On treat- 
ment with nitrosyl bromide this is converted into a-brorno-e-benzoylam- 
inocaproic acid identical with that obtained from benzoylpiperidine, and 
with phenyl isocyanate it yields a phenylureide readily convertible into 
a phenylhydantoin. ^ ^ ® It must therefore be the e-monobenzoyllysine : 


CHaNHCOPh 

CHoNHCOPh 

CH2NHCOPh 

1 

(CH2)3 

i 

HCI NOBr 

1 

(CH2)3 

1 

CHNHCOPh 

^ 1 ^ 

CHNH2 

CHBr 

1 

(JO2H 

1 

CO2H 

1 PhNCO 

1 

CO2H 


CHzNHCOPh 

CHaNHCOPh 


j 

(CH2)3 hci 

(CH2)3 

1 


1 y 

CHNHCONHPh 

1 

CH-NH \ 

1 >co 


CO2H 

OO-NPh/ 


S5rensen, Compt. rend. trav. lab. Carlsherg, 6, 1 (1903) [Chem. Zentr., (II), 33 (1903)]. 
V. Braun, Bcr., 42, 839 (1909). 

Eck and Marvel, J. Biol. Chem.^ 106, 387 (1934). 

Drechsel, Ber., 28, 3189 (1895). 

Karror and Ehrenstein, Helv. Chirn. Acta, 9, 323 (1926). 
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Benzoylated proteins, on hydrolysis, yield the same monobenzoyl lysine, 
the constitution of which has been confirmed by oxidation to 5-benzoyl- 
aminovaleric acid.^^^ Alkaline hydrolysis of lysuric acid likewise 
causes the removal of the a-benzoyl group.^^® On the other hand, 
dibenzenesulfonyl lysine on acid hydrolysis loses a benzenesulfonyl group 
exclusively from the €-position. ^ ^ ^ 

Arginine. The properties of arginine are profoundly infiuenced 
by the presence of the strongly basic (p. 891) guanidino group, which is 
reflected by the contrast between its titration curve and that of lysine^ 
in the region of pH above 10. When amino acids are titrated in 85 per 
cent alcohol or in presence of formalin, amino groups lose their basic 
function (cf. p. 875) ; the guanidino group does not. ^^*32 1 observa- 
tion^^ that acetylarginine is readily racemized in aqueous solution by 
acetic anhydride, in the absence of sodium acetate or other catalyst 
(cf. p. 927), can be explained by the strongly basic character of the 
guanidino group. 

Arginine appears to be a universal component of proteins, from which 
it is partially split off by enzymes during the early stages of proteoly- 
sig,3 22 , 3 23 jg particularly abundant in the protamines of fish sperm; 
these highly basic polypeptides contain up to 90 per cent of their 
nitrogen in the form of arginine. 324, 325 

The guanidino group in proteins is selectively decomposed by sodium 
hypochlorite or hot alkalies. The products, which yield but little 
arginine on hydrolysis, are no longer soluble in dilute acids and are not 
digestible by pepsin, but are readily hydrolyzed by trypsin. When 
sodium hypochlorite is added to an alkaline solution of arginine with 
a-naphthol, a red color is produced. This test is positive with proteins 
containing combined arginine^ and with monosubstituted guanidines 
such as methylguanidine or glycocyamine; it is also given by sym- 
dimethylguanidine and s^/m-trimethylguanidine but not by asymmetri- 
cally di- and trisubstituted guanidines (e.g., as-diraethylguanidine, 
glycocyamidine, creatine) nor guanidine itself. ^ ^ ® It has been developed 
into a quantitative procedure for the estimation of arginine. ^ 

Karrer and Ehrenstein, ibid., 9 , 1063 (1926). 

* 2 ° Schmidt, Kirk and Appleman, J. Biol. Chem., 88, 285 (1930). 

821 Levy, ibid., 109 , 365 (1935). 

822 Dauphinee and Hunter, Biochem. J., 84 , 1128 (1930). 

82* Lieben and Lielier, Biochem. Z., 276 , 38 (1934). 

82* Kossel and Dakin, Z. physiol. Chem., 41 , 407 (1904). 

82* Taylor, J. Biol. Chem., 6, 389 (1909). 

82* Sakaguchi, J. Biochem. (Japan), 6, 143, 159 (1925). 

827 Sakaguchi, ibid., 6, 25, 133 (1925). 

828 Poller, Ber., 59 , 1927 (1926). 

829 W^eber, J. Biol. Chem., 86, 217; 88. 353 (1930).”' 

88* Jorpes and Thor6n, Biochem. J., 86, 1504 (1932). 
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Proteins also give the color, in intensities equivalent to their content of 
combined arginine. 

Arginine, in common with other guanidino derivatives containing 
two hydrogen atoms attached to a single nitrogen atom, develops a 
violet color on treatment with biacetyl or acetyl benzoyl in alkaline 
solution. jhig color reaction, which has been placed on a quan- 
titative basis, depends upon the following series of reactions: 


0 0 

0 0 

Il2N-C(=NH)-N N-C(=NH)-NR2 

^ II II 

II II 

II 

CH3-C-C-R 

CH-C-C-R 

CH— C— C-ll 

— > 

II 

— II 

R-C-C-CH* 

R-C-C-CHa 

liC— C-CH, 

II II 

II 

II 

0 0 

0 

N-C(=NH)-NR, 


Creatine (p. 891) responds to this test; creatinine does not. 

Another, and far more specific, method is based upon the hydrolysis 
of arginine into ornithine and urea under the influence of an enzyme, 
arginase, present in mammalian liver. 

NH2— C(=NH)— NH— (CH2)3— CH(NH 2 )— CO 2 H 

C0(NH2)2 + NH 2 — (CH2)3— CH(NH 2 )— CO 2 H 


The urea so formed is estimated either as ammonia after hydrolysis by 
urease^ or by treatment with xanthydrol,^^'”' which causes the quan- 
titative precipitation of dixanthylurea.'^*^^ 


CO 


/CgH4^ 

NH— CH< >0 

\C6H4^ 


The conversion of arginine to ornithine and urea can also be effected 
by boiling with barium hydroxide on boiling with 20 per cent (or 
stronger) sodium hy droxide ^ ^ ^ ^ arginine is converted into ornithine 
and two equivalents of ammonia. 

The method of separating arginine from other amino acids by its 
precipitation at high alkalinity as a silver derivative analogous to the 
insoluble compound CH 3 N 3 Ag 2 • H 2 O formed by guanidine under similar 
conditions has been supplemented, for analytical and preparative pur- 


Harden and Norris, J . Physiol., 42 , 332 (1911). 

Lang, Z. physiol. Chem., 208 , 273 (1932). 

^s’Kossel and Dakin, ibid., 41 , 321; 42 , 181 (1904). 

Hunter and Dauphinee, J. Biol. Chem., 85 , 627 (1930). 

Bonot and Cahn, Compt. rend., 184 , 246 (1927). 

Fosse, ibid., 168 , 1076 (1914); Ann. Chim., [9], 6, 13 (1916). 
Schulze and collaborators, Bcr., 24 , 2701 (1891); 30 , 2879 (1897). 
Van Slyke, J. Biol. Chem., 10 , 15 (1911). 

**• Pliminer, Biochem. J., 10, 115 (1916). 
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poses, by a process based on the observation that arginine forms a spar- 
ingly soluble salt with 2,4-dinitro-l-naphthol-7-sulfonic (flavianic) 
acid.^^®’ The flavianate may conveniently be converted, by means 
of strong hydrochloric acid, in which the free flavianic acid is not freely 
soluble, into the very soluble dihydrochloride; this yields the crystalline 
monohydrochloride on treatment with aniline. 

Arginine also forms with benzaldehyde a water-insoluble derivative 
which separates selectively from protein hydrolysates rendered strongly 
alkaline.®® Benzylidene arginine is readily decomposed into benzalde- 
hyde and a salt of arginine on warming with dilute mineral acid. The 
inability of this compound to form a sodium salt is attributable to the 
failure of the alkali metal to replace the equally strongly basic guanidino 
group present in the molecule. A similar effect is observed with the 
hydantoic acid formed by the action of potassium cyanate upon arginine 
monohydrochloride the solubility of this product in water is not 
increased by the addition of alkali. 

On treatment with sodium nitrite and acetic acid in the Van Slyke 
procedure, arginine gives rise to only one molecule of nitrogen ; 
although guanidine reacts rapidly with nitrous acid in the presence of 
mineral acid, it does not do so in acetic acid,^**® and the guanidino group 
in arginine behaves in the same way. Proteins, on hydrolysis after 
treatment with sodium nitrite and acetic acid, yield arginine but no 
lysine. 

The guanidino group is resistant to the action of barium per- 
manganate, by which arginine is oxidized first to 7 -guanidinobutyric 
acid ^ ^ ® and finally to guanidine. ^ ^ ® Proteins yield guanidine on similar 
treatment.^®® 

Like guanidine, arginine can be nitrated. Nitroarginine, which 
can also be obtained by hydrolysis of a nitrated protamine, lacks the 
strongly basic character of arginine, which is regenerated by catalytic 
hydrogenation. ^ ® ^ 

Kossel and Gross, Z. physiol. Chem., 185 , 167 (1924). 

Cox, J. Biol Chem., 78 , 475 (1928). 

Boon and Robson, Biochem. J., 29 , 2573 (1935). 

Van Slyke, J. Biol Chem., 9 , 185 (1911). 

Plimmer, Biochem. J., 18 , 105 (1924). 

346 Hunter, J. Biol Chem., 82 , 731 (1929). 

34 « Hynd and Macfarlane, Biochem. 20 , 1264 (1926). 

347 Traxl, Monatsh., 29 , 59 (1908). 

34« Kutscher, Z. physiol Chem.^ 32 , 413 (1901). 

34® B6nech and Kutscher, ibid., 32 , 278 (1901). 

33® Lossen, Ann., 201 , 369 (1880); Otori, Z. physiol. Chem., 48 , 86 (1904); Kutscher 
and Schenck, Ber., 38 , 455 (1905). 

33^ Kossel and Kennaway, Z. physiol Chem., 72 , 486 (1911). 

332 Bergmann, Zervas, and Rinke, ibid., 224 , 40 (1934). 
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N02-NH-CHNH)-NH-(CH2)3-CH(NH2)-C02H 
5. NHa + NH2-C(=NH)NH-(CH2)3CH(NH2)-C02H 

This reaction has been adapted to meet the needs of peptide synthesis. 

An analogous compound, arginine-phosphoric acid, has been isolated 
from the muscle of marine invertebrates, in which it plays the part taken 
by creatine-phosphoric acid (p. 893) in muscular contraction of verte- 
brates. ^ ® ^ Arginine-phosphoric acid 

C02H-CH(NH2)-(CH2)3~NH-C(=NH)-NH-P0(0H)2 

in which the dissociation constant of the guanidino group has been 
lowered by the introduction of the phosphoryl group, is hydrolyzed to 
arginine and phosphoric acid during muscular activity and is resynthe- 
sized during relaxation. 

Acyl derivatives of arginine can be prepared by the usual methods, 
the Qf-amino group being far more readily acylated than the guanidino 
group. With benzoyl chloride and alkali, a dibenzoyl derivative is 
formed;^ on the other hand, in attempts to prepare the corresponding 
di-/8-naphthalenesulfonyl derivative only one acyl group could be 
introduced. On treatment with benzenesulfonylchloride in presence of 
potassium carbonate, arginine forms the a-monobenzenesulfonyl deriva- 
tive, but a second benzenesulfonyl group may be introduced by the use 
of concentrated sodium hydroxide in excess. 

With acetic anhydride in the cold, arginine yields a monoacetyl 
derivative, which has become racemized under the combined influence 
of the excess of anhydride and the strongly polar guanidino group 
(c/. p. 872). Boiling acetic anhydride leads to the production of a 
triacetyl anhydroarginine,^^^ which on treatment with water breaks 
down into diacetylurea and /8-acetamino-a-piperidone. 

NH-{CH2)r-CH-NH2 NH-(CH2)3-CH-NHAc 

<!^NH iojH (1:=NH (iojH 


NH, 

CHr-CH,-CHrCH-NHAc 

Ac,0 <!x) 

^ (!3=NAc 


CO(NHAc), + 


CHj-CHj-CHj-CH-NHAc 


li^HAc 

»“ Meyerhof and Lohmann, Biochem. Z., 196 . 22, 49 (1928) ; Rieaser and Hansen. 
Z. physiol. Chem., 919 . 62 (1933). 

GulewitMh. ibid., 97 , 178 (1899). 

Rieaeer, ibid., 49 , 210 (1906). 

Clarke and Gillespie, J. Am, Chem. Soc.^ 64 , 1964 (1932). 

Bergmann and Kdster, Z. 'physiol. Chem.^ 169, 179 (1926). 
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The piperidone derivative, when boiled with acids, readily undergoes 
hydrolysis to ornithine. The triacetyl anhydroarginine reacts not only 
with water, but with amines, which are thereby converted into deriva- 
tives of guanidine. Methylamine yields diacetylmethylguanidine, 
AcNH-C(=NAc)-NHCH 3 , and glycine ester yields diacetyl glycocyamine 
ester, which on hydrolysis passes over into glycocyamidine.^^® 

NH— CH 2 — CO 

AcNH-C(=NAc)-NH-CH2-C02Et | | 

C(=NH) — NH 

Creatinine is similarly formed from sarcosine ester. 

When the methyl ester of guanidine is liberated from its dihydro- 
chloride, it undergoes auto-condensation,^'*^ yielding ornithine ester 
and an anhydride of a, 6-diguanidino valeric acid^®^ containing a glyco- 
cyamidine group. The reaction, which is analogous to that involved in 
the synthesis of glycocyamidine from guanidine and glycine ester 
(p. 891), is explained as consisting in the condensation of the ester group 
of one molecule with the guanidino group of another, followed immedi- 
ately by disproportionate cleavage. 

2 NH 2 -C (=NH)-NH-(CH 2 ) 8-CH (NH2)-C02CHs 
NH2-C(=NH)NH(CH2),CH(NH2)-C-NH-C(=NH)NH(CH2)3CH(NH2)-C02CH, 

i 

NH2-C(=NH)-NH-(CH2)j-CH CO 

i I +NHs-(CH2)3-CH(NHs)-COjCH, 

NH-C(=NH)-NH 

The constitution of the diguanidinovaleric anhydride was confirmed by 
synthesis : 

NH2-C(=NH)-NH-(CH2)3-CH-C02H 

I + EtS-C(=NH)-NH2 

NH 2 

NH2-C(=NH)-NH-(CH2)3-CH-C02H 

NH-C(=NH)-NH2 

hq NH2-C(=NH)-NH-(CH2)3-CH CO 

— > I I 

NH-C(=NH)-NH 

Like glycocyamine and creatine, it gives a red color with alkaline 
picrate (p. 894). 

Bergmann and Zervas, ibid., 172 , 277 (1927); 173 , 80 (1928). 

Fischer and Suzuki, Ber., 38 , 4173 (1905). 

Zervas and Bergmann, Ber., 61 , 1195 (1928). 
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Natural arginine has the same configuration as the other natural 
amino acids; as it is dextrorotatory in acid solution, its systematic 
designation is K+)“arginine. The levorotatory variety is not attacked 
by arginase and may therefore conveniently be prepared by the action 
of liver press-juice upon d^-arginine.^ ''^ On the other hand, arginase 
readily hydrolyses 7-guanidino butyric acid to 7-aminobutyric acid and 
urea, but is without action on €-guanidinocaproic acid. ^ ^ ^ The kinetics 
of arginase action is imperfectly understood, for although hydrolysis is 
partially inhibited by ornithine, addition of the other end product, urea, 
is without effect. 

Ornithine does not appear to be a constituent of proteins. However, 
its dibenzoyl derivative, ornithuric acid, occurs in the excreta of birds 
receiving benzoic acid in their diet.^^’^ Hippuric acid, the principal 
form in w^hich benzoic acid is eliminated by mammals, is not produced 
by chickens under these conditions, even when glycine is administered 
simultaneously. Similarly, the difuroyl derivative of ornithine is 
excreted by chickens receiving furfural, which gives rise to furoylglycine 
in rabbits and dogs.^®^ 

On alkaline hydrolysis, ornithuric acid loses the terminal benzoyl 
group. The Z-a-monobenzoylornithine so prepared from natural 
arginine, on successive treatment with nitrous acid and hot hydriodic 


acid, is converted into Z-proline.^^® 

CH2NH-C(=NH)-NH2 CH2NH2 

1 1 

CH2-NHCOPh 

1 

CH2 

CH2 

CH2 


1 

CH2 

1 

-» CH2 

1 

-H- CH2 

1 


1 

H— C— NH2 

1 

H— C— NH2 

H—C— NHCOPh 

1 

j 

C02H 

1 

C02H 

CO2H 


CH2NH2 

CH20H 

CH2^ 

1 


1 

CH2 

1 

CH2 

CH2 


j 

CH2 

1 

1 

CH2 

1 

^ CH2 

1 



H— C— NHCOPh H— C— NHCOPh 


H— C NH 


CO2H CO2H CO2H 


881 Thomas, Z. phj/ftiol. Chem,, 88, 465 (1913). 

Gross, ibid., 112 , 236 (1921). 

Jaff6, Bir., 10 , 1925 (1877); Ellinger, Z. physiol. Chem., 29 , 334 (1900). 
Yoshikawa, ibid., 68, 79 (1910). 

®®® Jaff6 and Cohn, B&r., 20 , 2311 (1887); 21 , 3401 (1888). 



m 


ORGANIC CHEMISTRY 


This series of reactions confirms the configurational identity of natural 
arginine, ornithine, and proline. 

Ornithine has been synthesized by several general methods already 
discussed. The rather unstable free base has recently been obtained 
in a crystalline condition.^®® Its properties closely resemble those of 
lysine, but the picrate is more soluble in water. It is converted into 
arginine by the addition of cyanamide.^®® The methyl ester, when 
liberated from its hydrochloride, undergoes autocondensation, not to a 
diketopiperazine but to jS-amino-a-piperidone,^®^ 

CH2-CH(NH2)-C02CH3 CH2-CH(NH2)-C0 

CH 2 -CH 2 -NH 2 CH 2 CH 2 — NH 

from which ornithine is regenerated on heating with hydrochloric acid. 

Citrulline, isolated from watermelon juice in 1914 by Koga and 
Odake,^^^ was recognized as a-amino-5-carbamido valeric acid by 
Wada,^^^ who confirmed its constitution by synthesis: 

PhCONH-(CH2)3-CH-NHCOPh 

I 

CO 2 H 

Ba(OH), NH 2 -(CH 2 ) 3 -CH-NHCOPh 

> I 

CO 2 H 

NHh: 30»C,H. NH2-C-NH-(CH2)3-CH-NHCOPh 

II I 

O CO 2 H 

HCl NH2-C-NH-(CH2)3-€HNH2 

>• II I 

O CO 2 H 

Citrulline is formed in small amounts from arginine by putrefaction 
and by the action of B. pyocyaneus y ' which contains no arginase ^ but 
to which a specific enzyme ^^arginine desimidase^^ is imputed. Its isola- 
tion from a tryptic digest of casein has been reported, with the sur- 

Vickery and Cook, J. Biol Chem., 94 , 393 (1931). 

Kossel and Weiss, Z. physiol. Chem., 68 , 160 (1910). 

Schulze and Winterstein, Ber., 32 , 3191 (1899); Z. physiol. Chem., 84 , 128 (1901). 

Fischer and Zeinpl6n, Ber., 42 , 4878 (1909). 

Koga and Odake, J. Chem. Soc. Japan, 38 , 519 (1914). 

371 Wada, Biochem. Z., 224 , 420 (1930). 

372 Ackermann, Z. physiol. Chcm., 293 , 66 (1931). 

*78 Horn, ibid., 216 , 244 (1933). 

*7< Wada, Biochcm. Z., 267 , 1 (1933). 
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prising assertion that it is converted into proline on heating with hydro- 
chloric acid; 5-monobenzoylornithine is alleged to undergo the same 
change. 

The relationship between arginine, ornithine, and citrulline is of 
extreme importance in the production of urea in the living body. Krebs 
and Henseleit^^^'" have shown that the synthesis of urea, in the presence 
of intact liver tissue, from ammonia and the carbon dioxide resulting 
from the biochemical oxidation of glucose, lactic acid, or pyruvic acid, 
is markedly accelerated by the addition of any one of the above three 
amino acids. The process may be schematically expressed as follows: 

CO2 + NHa + Ornithine — > Citrulline 

NH 3 + Citrulline — ^ Arginine + H 2 O 

Arginine — > Ornithine + CO(NH 2)2 

The first and second reactions take place through the influence of some 
agency present in surviving liver tissue, for no urea synthesis occurs if 
the tissue be crushed ; the third reaction is, of course, brought about by 
arginase. 

The enzyme urease, which promotes the hydrolysis of urea and is 
widely employed for its estimation and, indirectly, that of arginine 
(p. 925), is usually secured from jack bean meal. Aqueous-alcoholic 
extracts of this bean contain a basic amino acid, canavanine, C5H12O3N4, 
which, like arginine, yields half of its nitrogen as urea on treatment with 
liver extract. This amino acid^'^ re^sponds to the ninhydrin test 
(p. 879) and gives up only one of its nitrogen atoms to nitrous acid in 
the Van Slyke procedure; it is therefore an a-amino acid. It is more 
stable than arginine towards barium hydroxide, forms a tri benzoyl 
derivative, yields no guanidine on oxidation with barium permanganate, 
and responds to neither the Sakaguchi (p. 924) nor the biacetyl (p. 925) 
test. It gives a characteristic red color with a solution of sodium nitro- 
prusside which has been autoxidized by exposure to light. 

Canaline, C4H10O3N2, formed together with urea by the action of the 
specific enzyme canavanase present in liver extract, contains one a-amino 
group and one nitrogen atom which does not react with nitrous acid. 
It forms a dibenzoyl derivative. It gives a red color with alkaline picrate 
(Jaff6 test, p. 894) but none with autoxidized nitroprusside. On 

Krehe and Henseleit, Z. physiol. Chem., 210, 33 (1932). 

Kitagawa and collalwrators, J. Biochvm.^ (Japan), 11, 205 (1929); 16, 339 (1932); 
18, 333 (1933); 23, 181; 24. 407 (1930); [C. A., 28, 2078 (1934); 29, 7280 (1935)]. 
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catalytic reduction it is converted into ammonia and a-amino-y-hydroxy- 
butyric acid;^^^ this points to the constitution: 

NH20-CH2-CH2-CH(NH2)~C02H 

The reductiqn of the oxygen-nitrogen bond is analogous to that brought 
about by hydriodic acid with a-benzylhydroxylamine. ^ ^ ® Canavaninc 
and dibenzoylcanaline do not respond to catalytic hydrogenation. On 
the other hand, by the action of hydrobromic acid canavanine yields 
a-amino-7-bromobutyric acid and guanidine. 

NH2-C(=NH)-NH-0-CH2-CH2-CH(NH2)-C02H 

HBr 

> NH2C(=NH)-NH2 + Br-CH2-CH2-CH(NH2)-C02H 

Canaline has been regenerated from a-amino-7-hydroxybutyric acid by 
condensing the 7-iodo-a-benzoylamino acid with benzhydroxamic acid. 

H0-CH2-CH2-CH(NH2)-C02H H0-CH2-CH2-CH(NHC0Ph)-C02H 
HCi CH2-CH2~CH-NHCOPh hi 

— -> I I — l-CH2-CH2-CH(NHCOPh)-COaH 

0 CO 

rhCO-NHOH 

> PhC0-NH0-CH2-CH2-CH(NHC0Ph)-C02H 

HCl 

> NH20-CH2-Cn2-CH(NH2)-C02H 

The reconversion of canaline into canavanine has been effected by the 
use of methylisourea. 

PhCOCl 

NH20-(CH2)2-CH(NH2)-C02H > PhC0NH0-(CH2)2-CH(NHC0Ph)-C02H 

HCl 

> NH20-(CH2)2-CH(NHC0Ph)-C02H 

NH2-C(-NH)-0CH3 

> NH2-C(=NH)-NH0~(CH2)2-CH(NHC0Ph)-C02H 

HCl 

> NH2-C(=NH)-NH0-(CH2)2-CH(NH2)-C02H 

As is to be expected of an 0-ether of hydroxylamine, canaline can 
form condensation products with aldehydes. An ethylidene derivative, 
which can be prepared from canaline and acetaldehyde, has been isolated 
from the products of the digestion of canavanine with liver extract. 

The occurrence in nature of a derivative of hydroxy guanidine, a 
substance^®® which has apparently received no attention for half a 

Fischer and Blumcnthal, Her., 40 , 106 (1907); Sorensen and Andersen, Z. physiol. 
Chem., 66 , 250 (1908). 

, 378 Meyer, Bcr., 16 , 167 (1883). 

37* Gulland and Morris, J. Chem. Soc., 763 (1935). 

380 Pratorius-Seidler, J. prakt. Chem., [2] 21 , 129 (1880). 
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century, warrants further study of the group. The titration curve of 
canavanine^®^ indicates that the guanidinoxyl group is somewhat more 
strongly basic than the imidazole group of histidine but more weakly 
basic than the terminal amino group in lysine, which in turn is weaker 
than the guanidino group in arginine. The aminoxyl (NH 2 O — ) group 
in canaline is more weakly basic than even the imidazole. 

From a study of analogous compounds, it appears that the color with 
autoxidized nitroprusside is characteristic of the guanidoxyl, that with 
picrate of the aminoxyl, group. 

Histidine. Histidine, an almost universal constituent of proteins, 
was discovered simultaneously by Kossel^®^ in the fraction precipitated 
by mercuric chloride from the hydrolysate of a protamine of fish roe, 
and by Hedin® ® ^ in the salt C(iH 702 N 2 Ag 2 •H 2 O precipitated from protein 
hydrolysates on adding silver nitrate and alkali. Both processes have 
subsequently been developed into convenient preparative methods; 
the former is applicable w'hen only histidine is desired, the latter 
when the preparation of all the ^^hexone bases is necessary.^®"* Mer- 
curic sulfate in 5 per cent sulfuric acid (Hopkins’s reagent) affords a 
somewhat cleaner separation from arginine than mercuric chloride®®^ 
and has been recommended®®" for the estimation of histidine in small 
samples of protein. 

The imidazole (glyoxaline) group in histidine is a relatively weak 
base; the dihydrochloride, when dissolved in w’ater, hydrolyzes to the 
monohydrochloride,®®® and the free amino acid, unlike lysine and 
arginine, is extracted by butyl alcohol from aqueous solution at pH 7, 
together with the rnonoarnino monocarboxylic acids. Histidine forms 
well-defined salts with one and with two molecules of picrolonic acid;®®® 
the diflavianate is sparingly soluble and of use for isolation, but the 
monoflavianate is difficult to prepare;® it also forms a sparingly soluble 
Reineckate ® ® ' which crystallizes out with those of proline and hydroxy- 
proline (pp. 899, 906). It is precipitated from acid solution by phos- 
photungstic acid but tends to redissolve in excess of the precipitant.®®^ 


Tomiyama, J. Biol. Chcm., Ill, 45 (1935). 

Kossel, Z. physiol. Ckem., 22, 176 (1896). 

Hedin, ibid., 22, 191 (1896). 

Hanke and Koessler, J. Biol. Chem., 43, 521 (1920). 

S86 Vickery and Leavenworth, ibid., 78, 627 (1928). 

Kossel and Patten, Z. physiol. Chem., 38, 39 (1903). 

Kosedale and da Silva, Biochem. J., 26 , 369 (193li». 

*88 Abderhalden and Einbeck, Z. physiol. Chem., 62 , 322 (1909). 
*88 Brigl. ibid., 64 , 337 (1910). 

*80 Vickery, J. Biol. Chem., 71, 303 (1926). 

*8^ Kapfhammer and Sparer, Z. physiol. Chem., 173, 245 (1928). 
* 8 * Frankel, Monatsh, 24 , 229 (1903). 
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The constitution of histidine was established by Pauly,^^^ whose 
discovery that it yields an azo color with diazobenzenesulfonic acid 
forms the basis of a widely employed method for its colorimetric esti- 
mation.^®^ The imidazole nucleus accepts either one^®^ or two^®® azo 
groups. The chief interfering substance in a protein hydrolysate is 
tyrosine; the ability of this to couple can be inhibited by benzoylation, 
which under suitable conditions is without effect on the Pauly reaction 
for histidine.^®® Histidine also survives treatment with nitric acid, 
which nitrates tyrosine and so prevents it from coupling;^ ®^ this pro- 
cedure, however, suffers from the disadvantage of introducing a yellow 
color into the mixture to be tested. The most satisfactory procedure is 
to apply the Pauly test to a fraction previously precipitated by phos- 
photungstic acid or by silver. 

A red color is formed on adding bromine water to a solution of 
histidine and changes to purple on addition of ammonia. This color 
reaction has been developed for the quantitative estimation of histidine, 
for which it appears to be specific.^®® A transient red- violet color is 
developed on treating histidine with hydrogen peroxide in presence of a 
ferrous salt,^®® presumably with the intermediate formation of jS-imida- 
zoleacetaldehyde. 

Histidine has been synthesized^®® by condensing the sodium deriva- 
tive of ethyl chloromalonate with 4 -chloromethylimidazole, prepared 
from a,7-diaminoacetone, 


CH2-CO2H 

I 

CO 

CHz-COzH 

HNO, 


CH=NOH CH2NH2 CH— N. 

HNO, I SnCl, I KSCN II 7C-SH 

> CO > CO ^ C— NH/ 

I 1 I 

CH=NOH CH2NH2 CH2NH2 

CH— CH— N. CH— 

II >CH II >CH II >CH 
C— NH/ -» C— NH/ -» C— NH/ 

I I I 

CH2NH2 CH2OH CH2CI 


the product being hydrolyzed, decarboxylated, and treated with 
ammonia. 


Jorpes, Biochem. J., 26 , 1507 (1932). 

Wallach, Rung, and Behrend, Ann., 271 , 28 (1892). 

Pauly, Z. physiol. Chem., 94, 284 (1915). 

Inouye, ibid., 83 , 79 (1913). 

Brunswik, ibid., 127 , 268 (1923). 

Knoop, Beitr. chem. Physiol. Path., 11 , 356 (1908) ; Kapeller-Adler, Biochem. Z., 
264 , 131 (1933). 

Kikkoji and Neuberg, ibid., 20 , 523 (1909). 

<®0Pyman, J. Chem. Soc., 99 , 668, 1386 (1911); 109 , 186 (1916). 
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CH— N 


II 7CH 

C— NH/ 


+ NaCCl(C02Et)2 


CH 2 CI 
CH— N, 

i-NH> 


CH— N. 

II >CH 
C— NH/ 

CH2-CCl(C02Et)2 


Vh 


CH— N, 


H 2 -CHCI-CO 2 H 


II Vh 

C— NH/ 

1 

CH2-CH(NH2)-C02H 


The racemic histidine was resolved by crystallizing the d-tartrate. It 
has also been synthesized by the Erlenmeyer process from imidazolealde- 
hyde and hippuric acid. 

Two of the nuclear hydrogen atoms of histidine are replaceable by 
iodine, when the a-amino group is previously protected by benzoyla- 
tion.^®* 

The a-monobenzoyl derivative is formed with one molecular pro- 
portion of benzoyl chloride in presence of benzene and the minimally 
practicable amount of aqueous alkali ; a benzoyl group can be introduced 
into the imidazole nucleus^ by treating the methyl ester of a-benzoyl- 
histidine in benzene solution with a semi-molecular proportion of benzoyl 
chloride. 


CH— N. 

II 

2C 


%CH 

< 


^H 


-1- PhCOCl 


CH2-CH(NHC0Ph)-C02CH3 


CH— N, 




+ C— NH'' 


CHHCl 


CH— Nv 

II >H 

C N< 

^COPh 

CH2-CH(NHC0Ph)-C02CH3 CH2-CH(NHC0Ph)-C02CH3 


An interesting property of such esters of diacyl histidines is their ability 
to transfer the nuclear acyl group to amino acids or esters^®^ and pre- 
sumably to other amines. For example, hippuryl chloride reacts with 


Pauly, Ber., 43 , 2243 (1910). 

Gerngross, Z. physiol. Chem.t 108, 50 (1919). 
Befgtiaaim and Zervas, ibid., 176, 145 (1928). 
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a-benzoylhistidine methyl ester to form a product which with glycine 
yields a-benzoylhistidine ester and hippurylglycine. 


N=CH— N-CO-CH2-NHCOPh 

I I + 

CH=— C-CHa-CH (NHC0Ph)-C02CH3 
N=CH-NH NHCOPh 


NH 2 -CH 2 -CO 2 H 



I I + PhC0NH-CH2-C0-NH-CH2-C02H 

C-CH 2 -CH-CO 2 CH 3 


When histidine methyl ester is treated with benzoyl chloride in 
presence of aqueous sodium carbonate, the imidazole ring is opened. 

N=CH-NH NH 2 PhCONH NHCOPh NHCOPh 

III - I I I 

CH=C-CH 2 -CH-C 02 CH 3 CH=C-CH 2 CH-CO 2 CH 3 

The product on treatment with methyl-alcoholic hydrogen chloride is 
converted to the methyl ester of 7-keto-ornithuric acid.^^^ 

PhC0NH-CH2~C0-CH2-CH(NHC0Ph)-C02CH3 


On treatment with ozone, followed by partial hydrolysis, the tribenzoyl 
compound prepared from natural histidine is converted into the benzoyl 
derivative of natural Z( — )-aspartic acid.*^^^ 


CH-NHCOPh 

II 

C-NHCOPh 

I 

CH2 

H—C— NHCOPh 
CO 2 CH 3 


CO 2 H 

I 

CH 2 


H—C— NHCOPh 
CO 2 H 


Histidine of protein origin therefore possesses the same configuration as 
the other natural amino acids, as is also indicated by pH-dependence 
curves. ^ ° 

On treatment wdth nitrous acid, histidine yields /S-imidazolelactic 
acid, which is reduced by phosphorus with hydriodic acid to /3-imidazole- 
propionic acid,‘‘®^ identical with that prepared from /3-glyoxylpropionic 
acid with formaldehyde and ammonia. 


Kosflel and Edlbacher, tbtd., 93 , 396 (1915). 

Langenbeck and Hutschenreuter, ibid., 182 , 305 (1929). 
Langenl)6ck, Ber., 68 , 227 (1925). 

Knoop and Windaus, Beitr. chem. Physiol. Path., 7, 144 (1906). 
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CHO 

io 

I + 2 NH 8 + CH 2 O 

CH 2 

CH2rC02H 


CH— N. 

Jl >CH 
C— NH^ 

'(1:h2 

ifir-COaH 


CH— N. 

Jl >CH 

c— nh/ 

inoH-coaH 


CH— N, 
(!-NH>" 

iu 


V:h 


H(NH2)-C02H 


/3-Iinidazolelactic acid, on oxidation by nitric acid followed by hydrogen 
peroxide, is successively converted into imidazoleglyoxylic acid and 
imidazolecarboxylic acid,^®® a series of reactions which served to con- 
firm the assignment of the primary amino group to the a-position. 

Histidine is converted into /3-imidazolelactic acid by some bacteria; 
others, particularly certain of the B. coli group, cause decarboxylation 
to histamine, a conversion which seems also to be brought about by 
ultra-violet light. A fungus, Oidium laciisy brings about reductive 
deamination to /3-imidazolepropionic acid,^^^ and certain micro- 
organisms (e.g., B. paratyphosus B) effect deamination without reduction 
to urocanic acid.^^^ This last product, identified by Hunter^ as 
/3-imidazoleacrylic acid, is a form in which orally administered histidine 
is eliminated by dogs,^^^ However, since less than half of the histidine 
can be recovered from the urine as imidazole derivatives, some 

profound decomposition must take place in the body. A reaction of 
this type is brought about by an enzyme, histidase, present in the liver. 
Under its influence /-histidine breaks down into /(-f )“glutamic acid and 
two moles of ammonia, ^ a hydrolytic converse of the classical syn- 
thesis of imidazoles from glyoxals, fonnaldehyde, and ammonia. Indi- 
rect evidence points to the intermediate formation of a formylated 
glutamine. 

CH— Kv CO-NH-CHO CO.H 

II >CH I I 

C— NH/ CH 2 CH 2 

CH2-CH(NH2)-C02H CH2-CH(NH2)-C02H CH2-CH(NH2)-C02H 

Histidine cannot be synthesized in the mammalian body from simpler 
compounds, but is apparently so produced from ^-imidazolelactic acid 
and imidazolepyruvic acid, which stimulate growth on diets deficient in 


Knoop, ibid., 10 , 111 (1907). 

*o*Hanke and Koessler, J. Biol Chem., 50, 131 (1922); Hirai, Bwchem. 
(1933). 

Kiyokawa, Z. physiol Chem., 214 , 38 (1933). 

Raistrick, Biochem. J., 11 , 71 (1917). 

Hunter, J, Biol Chem., 11 , 537 (1912). 

Kotake and Konishi, Z. physiol Chem., 122 , 230 (1922). 


Abderhalden and Buadze, ibid., 200 , 87 (1931). 
Edlbacher and collaborators, ibid., 191 , 225 (1930) , 


224 , 261 (1934). 


Z., 267, 1 
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histidine but otherwise adequate. ^ ^ ® Urocanic acid, on the other hand, 
is almost without effect on growth. 

Histamine, the decarboxylation product of histidine, is of great 
physiological interest, on account of its powerful vasodilator action. It 
is present in lung, liver, muscle, and blood. Lung and kidney con- 
tain a highly specific enzyme, histaminase, which breaks down hista- 
mine,^^® much as histidase disrupts Z-histidine. Histamine has been 
synthesized by reduction of imidazoleacetonitrile^^^ and from a-amino- 
butyrolactone^^^ by the following steps 


CH2-CH2-CHNH2 NaHg CH2-CH2-CH-NH2 NH,SCN 

I 1 — > I I ^ 

0 CO 0 CHOH 

HOCHa-CHa-C-NHv HNO. HOCHa-CHz-C-NHv 

II \c-SH li >CH 

CH-N^ CH-N^ 

SOCl, CI-CH2-CH2-C-NH 


\ NH, NH2-CH2-CH2-C-NH. 
>CH — ^ II >CH 

CH-N<*^ CH-N^ 


On treatment with benzoyl chloride and alkali the imidazole ring is 
opened, as in the case of histidine methyl ester; the product, on heating 
with acid anhydrides and hydrolyzing, yields physiologically inactive 
2-alkyl homologs of histamine. 


CH-NHCOPh 

C-NHCOPh 

CHa-CHsNHCOPh 


(RC0)20 
> 


CH— N. 


II Vr 

C— NR/ 

I 

CH2-CH2NHCOR 


II >CR 
C— NR/ 

CR2-CR2NR2 


Although 2-thiolhistidine has never been isolated from natural 
sources, certain proteins, notably zein, give a positive color reaction for 
thiolimidazoles.^^^ Thiolhistidine has been synthesized by the action 
of thiocyanate upon 7-ketoornithine, prepared either from histidine 
(c/. p. 936), or from aspartic acid.^^^ 


Harrow and Sherwin, J. Biol. Chem.^ 70, 683 (1926). 

Best, Dale, Dudley, and Thorpe, J. Physiol., 62 , 397 (1926); Thorpe, Biochem. J., 
22 , 94 (1928); Barsoum and Gaddum, J. Physiol., 80 , 1 (1936). 

McHenry and Gavin, Biochem. J., 26 , 1365 (1932). 

Garforth and Pyman, J. Chem. Soc., 489 <1935). 
van der Merwe, Z. physiol. Chem., 177, 301 (1928). 

Eagles and Vars, J. Biol. Chem., 80 , 615 (1928). 

Ashley and Harington, J. Chem. Soc., 2686 (1930); Harington and Overhoff, 
Biochem. J., 27, 338 (1933). 
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CH2-CO2H CH2-CO2H CH2-COCI 

1 (CH^0),0 I PCL I 

CH-NH2 U CH-N. ^ CH-N. 

I I >C-CH 3 I 

CO2H OC — (r OC— 0^ 

CO 


C-CH3 


CH2-CO-CH2CI CH 2 -C 0 -CH 2 N<; >C6H4 

CH,N,: Eton I I 

> CH-NH-COCH3 CH-NH-COCH3 


C02Et 


COaEt 


CH-N 


\ 


CH2-CO-CH2-NH2 C-NH^ 

HCl I __ __ NaSCN I 

> CH2 


C-SH 


-> CHNH2 

I 

CO2H 


CHNH2 

I 

CO2H 


Ergothioneine, the trimethylbetaine of thiolhistidine, is present in ergot 
and in blood. Attempts to synthesize it by methylating thiolhistidine 
have failed, owing to the breakdown of the methylated product into 
trimethylamine and an unsaturated acid. In the same way, histidine 
trimethylbetaine, formed by oxidizing ergothioneine, breaks down on 
treatment with alkali^ into trimethylamine and urocanic acid. 


CH-N. 

11 >C-SH 

C-NH/ 

CH-N^ 

II >CH 

C-NR/ 

CH-N, 

II 

C-NH 

1 FeCl, 

1 KOH 

1 

CH2 > 

CH2 > 

CH 

1 

CHN+Me3 

1 

1 

CHN+Me3 

1 

CH 

0 - 

0 

1 

CO2- 

1 

CO2H 


MesN 


Beef muscle contains a water-soluble base called camosine'*^^ which, 
like histidine, is precipitated by mercuric sulfate and from alkaline 
solution by silver nitrate, and yields an azo color with diazobenzenesul- 
fonic acid; it gives no color, however, with bromine,'*^'’ and its 
Reineckate is less soluble than that of histidine. * ^ ® On alkaline 


*** Barger and Ewins, J. Chem. Soc., 99, 2336 (1911). 

Gnlewitsch and Aniiradzibi, Z. physiol. Chem., 30, 565 (1900). 
Hunter, Biochem. J., 16. 640 (1922). 

Smorodintzev, Biochem. Z., 425 (1930). 
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hydrolysis it yields Z-histidine/^^ and its phenylureide on boiling with 
acids breaks down into histidine and the phenylureide of jS-aminopro- 
pionic acid.'^^® Carnosine is therefore jS-aminopropionylhistidine. 

NH2-CH2-CH2~C0-NH-CH--CH2-C— =CH 

I I I 

CO 2 H NH-CH=N 

Synthetically it has been obtained, in poor yields, by the action 
of ammonia upon /3-iodopropionylhistidine^^^ and by reduction of 
/3-nitropropionylhistidine.^^^ A practical synthesis has recently been 
developed /S-aminopropionic acid is condensed with benzyl chloro- 
carbonate; the resulting carbobenzoxy-jS-alanine is converted succes- 
sively into its chloride, methyl ester, hydrazide, and azide (cf. p. 887); 
this is coupled with histidine methyl ester, and, after hydrolysis, the 
carbobenzoxy group is removed with palladium and hydrogen. 

A methyl homolog of carnosine, called anserine, occurs, together 
with carnosine, in the skeletal muscles of various mammals, fish, rep- 
tiles, and birds. It is not precipitated by silver and does not couple 
with diazo compounds, but is thrown down by mercuric sulfate. On 
hydrolysis it yields /3-alanine and a methylhistidine;^^^ on heating with 
soda-lime it yields 1,5-dimethylimidazole,^^^ 

CH3-C==CH-N 

1 il 

N(CH3)-CH 

a reaction which establishes the position of the nuclear methyl group. 
In other respects it closely resembles carnosine, and its properties are in 
full accord with the structure : 

NH2-CH2-CH2-C0-NH-CH-CH2-C=CH-N 

I I II 

CO 2 H N(CH 3 )-CH 

Tr3rptophan. Tryptophan is a nearly general protein constituent, 
but is absent, or nearly so, from gelatin, zein, and insulin. It does not 
appear among the products of acid hydrolysis of proteins, as it is con- 
verted by the action of mineral acids into humins, formed by condensa- 

Gulewitsch, Z. physiol. Chem.^ 50, 535 (1907). 

Abderhalden and Geidel, Fernientforschung, 12, 518 (1931). 

Baumann and Ingvaldsen, J. Biol. Chem., 35, 263 (1918). 

Barger and Tutin, Biochem. J., 12, 402 (1918). 

Sifferd and du Vigneaud, J. Biol. Chem., 108, 753 (1935). 

Ackermann, Timpe, and Poller, Z. physiol. Chem., 183, 1 (1929). 

433 Wolff and Wilson, J. Biol. Chem., 109, 565 (1935). 

434 Linneweh and collaborators, Z, physiol. Chem., 183, 11 (1929); 189, 80 (1930), 

433 Keil. ibid., 187, 1 (1930). 
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tion with aldehydes derived from the protein or substances, such as 
carbohydrates, associated with it.^^® Tryptophan is also rapidly 
destroyed when proteins are hydrolyzed with boiling sodium hydroxide 
solution, but it is stable to barium hydroxide, which, however, brings 
about racemization. For the preparation of the natural, optically 
active product, it is customary to resort to enz 3 unatic hydrolysis by 
means of trypsin — a slow procedure, which liberates less than half 
of the tryptophan. The precipitate, characteristic of tryptophan, 
which. forms on addition of mercuric sulfate to the tryptic digest con- 
taining 5 per cent of free sulfuric acid,^^® contains peptides from which 
tryptophan is released on further tryptic digestion. Tryptophan is 
extracted by butyl alcohol from neutral solution; this fact has been 
usefully applied, for preparative purposes, to the fraction precipitated 
by mercury. 

Natural tryptophan is levorotatory and possesses the same con- 
figuration as other amino acids. The racemic variety has been 
synthesized by the Erlenmeyer procedure from 3-indolealdehyde and 
hippuric acid.^^^ 


.CH. 

C«H< 7CH 


CHCI 3 , KOH 
> 


CHO 

i 

CeH,/ '^CH 


• CcH,< 


cn=c 

I 

^CH 

''NH 


CO— o 

I 

N===CPh 


NaOH 


CH=C-C02H 

NHCOPh 


> C,H4/ '^CH 


Na, Eton 


C4H4/ ^CH 

^NH"' 


CH^-CH-COjH 

i1h2 


Better yields are obtainable by condensing the aldehyde with hydantoin 
in presence of piperidine and heating the resulting indolalhydantoin 
with ammonium sulfide^^^ (c/. p. 888). 

Colored products are formed on treating tryptophan with aldehydes 
in presence of concentrated mineral acids. The violet color developed 
with glyoxylic acid in sulfuric acid, which aided Hopkins and Cole in 
the discovery of tryptophan, is rendered more certain and sensitive by 
the addition of a trace of copper. This probably acts as an oxygen 


436 Burr and Gortner, J. Am. Chem. Soc., 46 , 1224 (1924). 

Onslow. Biochem. J., 16, 383, 392 (1931). 

Hopkins and Cole, J. Physiol., 27 , 418 (1902). 

Cox and King, “Organic Syntheses," John Wiley and Sons, New York (1930) 
Vol. 10. p. 100. 

Ellinger and Flamand, Z. physiol. Chem., 65, 8 (1908). 

Boyd and Robson, Biochem, J., 29 , 2256 (1935). 

Winkler, Z. physiol. Chem., 228 , 50 (1934). 
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carrier, for with other aldehydes the presence of oxidizing agents has 
been found necessary for the development of a blue color suitable for 
quantitative purposes. Especial use has been made of vanillin, 
p-dimethylaminobenzaldehyde, ^ ^ ^ and formaldehyde, ^ ^ ^ with hydrogen 
peroxide and nitrous acid as oxidants. In the absence of the latter, red 
to violet tints of indeterminate hue are formed. 

It has been suggested^ that the blue pigments produced from 
tryptophan with aldehydes possess the structure: 



and that in the red intermediates the side chain of the tryptophan has 
not cyclized. According to another view,^^^ cyclization of the side chain 
does not occur; the hypothetical primary product is, 

CH2-CH(NH2)C02H CH2-CH(NH2)-C02H 



NH I NH 

R 

which with nitrous acid yields, 

CH2-CHOH-CO2H CH2-CHOH-CO2H 



and with hydrogen peroxide the corresponding aldehyde. 

CH2-CHO CH2-CHO 

C6H4/^Nc=C— C^^'^CoH4 
i NH 
R 

This view is supported by the nitrogen content of the products, which 
were, however, not secured in crystalline condition. 

Ragins, J. Biol. Chem., 80, 543 (1928). 

Boyd. Biochem. J., S3, 78 (1929). 

Filrth and collaborators, Biochem. Z., 109, 103, 124 (1920). 

Fearon, Biochem. J., 14, 648 (1920). 

Ghigi, Gazz. chim. ital., 68, 411 (1933). 



NATURAL AMINO ACIDS 


943 


Like tyrosine, tryptophan yields a yellow color with nitric acid^^® 
and a blue color with Folin's phenol reagent. ^ ^ ^ Both these colorimetric 
tests have been applied quantitatively, as has the red color, extractable 
by amyl alcohol, produced with bromine water. 

Whereas most amino acids when heated with a mixture of acetyl 
chloride and acetic acid are converted into derivatives of oxazole (p. 873), 
tryptophan yields a product of a different type^'^^^ in which the indole 
nitrogen atom is involved in ring formation. 

C^CH 2 — CH-CO 2 H 
CeHK >CH I 

1 

CH 3 

When tryptophan is administered to normal rabbits, it is partially 
eliminated as 7 -hydroxyquinoline-a-carboxylic (kynurenic) acid. This 
compound is also formed, though in lower yields, from indole-3-pynivic 
acid. ^ ^ ^ Rabbits on a diet of polished rice, which is deficient in thiamin 
(vitamin Bi), excrete not only kynurenic acid but also an amino acid, 
kynurenine, in which the pyrrole ring of tryptophan has ruptured. 

CH2-CH(NH2)-C02H 
C6H4<^^'^CH 

NH 

This reaction takes place only with Z-tryptophan, not with the unnat- 
ural^ variety. 

Kynurenine is stable to acids but is unstable in alkaline solution, 
yielding ammonia, carbon dioxide, o-aminoacetophenone and kynurenic 
acid, apparently by way of o-aminobenzoylpyruvic acid. 

CO2H 

NH,-C.H4-(1;==CH-CH(NH,)-C02H — NHj-C.H.-CO-CHj-CO-COjH 
OH 

< 

NH 2 -C 6 H 4 -CO-CH 3 

Tillmans, Hirsch, and Stoppel, Biocheni. Z., 198, 379 (1928). 

Levene and Rouiller, J. Biol, Chem., 2 , 481 (1907). 

Wrede and f'euerriegel, J5er., 66, 1073 (1933). 

Ellinger and Matsuoka, Z. physiol. Chem., 109 , 259 (1920). 

^^Kotake and collaborators, ibid,, 196 , 139 (1931); 214 , 1 (1933). 
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Kynurenine is also converted into kynurenic acid on administration to 
dogs, the reaction taking place in the liver. 

Similar conversions are brought about by certain microorganisms; 
B. subtilisy for instance, forms kynurenine, kynurenic acid, and 
anthranilic acid from tryptophan. Of other organisms, some (B, coli) 
break down Z-tryptophan into indole in the presence, and into indole-3- 
propionic acid in the absence, of air;^^^ some {B. aminophilus irUes- 
tinalis) effect decarboxylation to iS-indoleethylamine ; ^ ^ ^ some {Proteus 
and Oidium lactis, respectively) bring about deamination to varieties of 
indolelactic acid having opposite configurations;^ some (yeast) cause 
both deamination and decarboxylation to tryptophol ()8-indole- 
ethanol).^''’® 

In intestinal putrefaction, tryptophan is broken down into indole 
and /6?-methylindole (skatole). These products partly diffuse into the 
blood stream, where they undergo further chemical alteration. Little is 
known about the fate of skatole; it is possibly oxidized at the side chain. 
Indole is oxidized to indoxyl, which is eliminated by the kidney as a 
sulfuric ester, indican. 

CcH 4 — COSO 3 " 

I II 

NH CH 


The presence in the urine of abnormally large amounts of indoxylsul- 
furic acid, diagnostic of chronic constipation or intestinal obstruction, is 
indicated by the production of indigo on treatment with oxidizing 
agents. Indican can be estimated colorimetrically by treatment with 
triketohydrindene,^^® which yields a red condensation product. 


/CO\ 

CoH4< >c=c 


\ 



In living mammals, an appreciable part of the tryptophan taken in 
the normal diet is utilized for protein synthesis. Normal growth is 
impossible on diets deficient in this essential amino acid, but can be 
induced by the addition, to such diets, of not only Z-tryptophan, 
but d-tryptophan or acetyl-Z-tryptophan. The effect of a large number 
of derivatives of tryptophan on growth and kynurenic acid production 
is summarized in the accompanying table. From the results it appears 

Woods, Biochern. J., 29 , 640, 649 (1935). 

Berthelot and Bertrand, Compt, rend.^ 164 , 1826 (1912). 

Sasaki and Otsuka, Biochern. Z., 121 , 167 (1921). 

«« Ehrlich, Ber., 45 , 883 (1912). 

Salkowski, Z. physiol. Chetn.^ 42 , 213 (1904). 

Kumon, ibid., 231 , 205 (1935). 
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Growth 

Kynurenic 

Acid 

Literature 


Stimulation 

Formation 

References 

Z-Tryptophan 

+ 

+ 


rf-Tryptophan 

+ 

— 

459, 460 

Acetyl-Z-tryptophan 

+ 

dr 

459, 460 

Acetyl-d-tryptophan 

— 

— 

459, 460 

Propionyl-Z-tryptophan . . 

+ 

, , 

461 

Benzoyl-Z-tryptophan . . . . 

- 

* , 

462 

Phenacetyl-Z-tryptophan . 

— 

, , 

461 

Z-Tryptophan esters 

+ 

, , 

461, 462 

Z-Tryptophan amides .... 

+ 


463 

(-l-)-Indolelactic acid. . . . 

+ 

-h 

452, 464 

( — )-Indolelactic acid . . . 

— 

— 

452, 464 

Indolepyruvic acid 

+ 


451, 452 

Indolepyruvic acid oxime. 

— 

— 

464 

Indolepropionic acid 

- 

. . 

465 

Indoleacrylic acid 

— 

— 

464, 466 

Kynurenine 

- 


452, 467 


that the biochemical mechanisms respectively involved are different 
and independent. The behavior of the two forms of acetyltryptophan 
indicates that the body can hydrolyze the I variety specifically, but 
apparently at so slow a rate that very little of the resulting tryptophan 
is diverted from its major function — that of growth stimulation — to the 
production of kynurenic acid. On the other hand, hydrolysis of the 
amides ( — NH2, — NHEt, — NEt2, — NHPh, — NEtPh) of i-tryptophan 
seems to be more rapidly accomplished, as all stimulate growth and 
produce kynurenic acid more freely than acetyi-/-tryptophan, though 
not so readily as i-tryptophan. The fact that indolepyruvic acid can 
also without undue difficulty fulfill both functions of tryptophan, 
whereas d-tryptophan yields little or no kynurenic acid, may likewise 
be regarded as indicating a relatively slow conversion of d-tryptophan 
into Z-tryptophan through the pyruvic acid. However, interpretation 
of the data is complicated by the circumstance that the growth studies 
were carried out with diets devoid of tryptophan, which was not true of 
the experiments on the production of kynurenic acid. In the absence 
of an urgent demand for tryptophan it is conceivable that a related 

459 du Vigneaud, Sealock, and Van Etten, J. Biol. Chcni., 98 , 565 (1932). 

Berg, ibid., 104 , 373 (1934). 

Berg and Hanson, Proc. Iowa Acad. Set., 41 , 165 (1934) [C. A., 29 , 4049 (1935)]. 

Berg, J. Biol. Chem., 91, 513 (1931). 

Bauguess and Berg, ihid.^ 106 , 615 (1934). 

Bauguess and Berg, ibid., 104 , 675, 691 (1934). 

Jackson, ibid., 84 , 1 (1929). 

Bauguess and Berg, Proc. Iowa Acad. Sci., 40 , 110 (1933) fC. A., 29, 2579 (1935)]. 

Jackson and Jackson, J. Biol. Chem., 96 , 697 (1932). 
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compound such as indolepynivic acid may be metabolized more extens- 
ively by oxidative degradation than by amination to i-tryptophan. 

The behavior of the two varieties of indolelactic acid is of interest: 
the body apparently possesses an enzyme capable of converting the 
dextrorotatory, but not the levorotatory, variety into the keto acid, 
and it has been suggested^ that the dextrorotatory form has the 
same configuration as Z-tryptophan, from which it is produced by 
Proteus but not by Oidium laciis (cf, methionine, p. 920). Finally, it is 
clear that, while kynurenine is an intermediate in the production of 
kynurenic acid, it cannot be biochemically converted into tryptophan. 

A study of three methyl-dZ-tryptophans, 


CH^/\ 


iCHj-CH(NHs)-COjH 


/\ 


\/\nh/ 


lCHr-CH(NH,)-CO,H 




/\ 


NH^ 

1CH2-CH(NHCH,)-C02H 


\/\nh/ 


has shown^®® that the power to stimulate growth is not impaired by 
methyl ation of the a-nitrogen atom of tryptophan, but is completely 
inhibited by introduction of a methyl group into either nucleus of the 
indole structure. 

A methyltryptophan in which the pyrrole-nitrogen atom is methy- 
lated has been synthesized^^'® from indolealdehyde by methylation 
followed by the Erlenmeyer procedure, sodium lead alloy being employed 
for reduction of the azlactone. 


CHO 

1 

CHO 

1 

CH=C-N==CPh 

CO — i 
>CH 

\N/ 

C6H4<^^^CH ^ C6H4< 
1 

1 

-> CoH4< 

1 

H 

I 

CHa 

CH 2 — CH-NH 2 

1 

CHa 


I 1 

/C. CO2H 

C6H4<^ 


1 

CHa 

Gordon and Jackaon, ibid,, 110, 151 (1985). 
Wieland, Konz, and Mittasch, Ann,, 013, 1 (1934). 
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The product is precipitable from acid solution by mercuric sulfate, but 
fails to give the characteristic color tests with glyoxylic acid and with 
p-dimethylaminobenzaldehyde . 

The trimethylbetainc of 1-tryptophan, hypaphorine, has been 
isolated from the seeds of a Javanese tree."*^” A closely related com- 
pound, bufotenine. 




\A\nh/ 


CH2-CHN+(CH3)3 

C02- 


Hypaphorine 


HO^ 


|CH2-CH2N(CH3)2 


Bufotenine 


is present in the venomous secretion of the European toad.^^® 
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INTRODUCTION 

The method of treatment of the chemistry of pyrimidines, purines, 
and nucleic acids presented in this chapter has been adapted to meet the 
interests and requirements of advanced students in organic chemistry. 
The contribution is not to be regarded as a catalog of synthetic products 
and processes in the pyrimidine and purine fields, nor has it been con- 
structed as a laboratory guide to the preparation of organic compounds 
belonging to these two series. 

A new chemistry of pyrimidines and purines has l)een developed since 
Liebig and Wohler’s classical researches on uric acid. The work ac- 
complished in this field of heterocyclic chemistry has been a most valu- 
able contribution to our knowledge of the chemistry of cyclic ureides. 
Notwithstanding the great advances made by organic chemists in their 
contributions to biochemistry in this field, when it comes to the funda- 
mental question of the mode of origin of these natural products in animal 
and plant organisms, it must Ix' confessed that up to the present time 
very little progress has been made. 

NOMENCLATURE 

Pyrimidine^’- is express(*d structunilly as a heterocyclic ring con- 
taining four carbon and two nitrogiai atoms, and, according to the 
system of nomenclature us(‘d in Richt(‘r’s “ Li'xikon ” and in Chtinical 
AbstractSy^ it is classified among the Azinea. It is called a wefa-diazine 
or 1,3-diazine.^ 

i l ,2-diazine or pyridazine 
l,3-(liazine or pyrimidine 
1,4-diazine or pyrazine 

Graphically the pyrimidine cycle may be (^xpresstnl by a hex- 
agonal structure (pyrimidine B) as repre.s(‘nt(‘d by formula II. This 
formula shows the structural rcdationship of pyrimidine to the azine 
pyridine (III). The numbering of the po-sitions in the cycle is in 
accordance with the system used in Richter’s “ Ixjxikon.”® The 


1 Pinner, Bcr., 17, 2.519 (1884) ; 18, 759 (1885). 

* Gabriel, Ber., 33 , 36()6 (1900). 

* The third Decennial Index of Chemical AhatroLCtm Ih to have the nomenelAturo now 
used in C, A. 

< Consult “A System of Organic Nomenclature,” Patteraon and Curran, J, Am, 
Chem. Soc., 89, 1623 (1917). 

« Pinner, Ber., 18, 759 (1885). 

« Richter. “Lexikon der KohlenstofT-Verbindungcn,” 3rd ed., Vo»tt, Hamburg and Loii>- 
zig (1910). 
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relationship between pjoimidine and purine (IV) is best expressed, 
however, by what may be called the ureide structure (pyrimidine A) as 
expressed by formula I. According to this system the numbering of 
pyrimidine positions is in agreement with that shown for purine in 
formula IV. An alternative system of numbering pyrimidine deriva- 
tives is used by Meyer and Jacobson in their well-known textbook.^ 


1 N— C 6 

I I 

2 C C 5 

I I 

3 N— C 4 

I 

Pyrimidine — “A** 
or 1,3-Diazine 

4 

/S 

6 C C 3 

il I 

6 C C 2 

I 

III 

Pyridine 


5 C 

il 

4 C 


/S 




N 1 

I 

C 2 


3 

II 

Pyrimidine — “B” 


1 N— C 6 

I ! 7 

2 C 5C— N 

I I 

3 N-~C-N 


/ 


C 


8 


4 9 

IV 

Purine 


According to the Geneva nomenclature the four naturally occurring 
pyrimidines, formed by degradation of nucleic acids, are designat^^d as 
follows: 

Name Pyrimidi.ve Nomenclature Geneva Nomenclature 

Uracil 2,6-<iioxypyrimidine 2,4-pyrimidinedione 

Thymine 2,6-<lioxy-5-methylpyrimidine 5-methyl-2,4-pyrimidinedione 

Cytosine 2-oxy-(>-aminopyrimidine 4-amino-2-pyrimidone 

Methylcytosine 2-oxy-5-methyl-6-aminopyrimidine 4-amino-5-methyl-2-pyrimidone 

Purine is a condensed heterocycle consisting of a pyrimidine ring to 
which has been gmfted a glyoxaline (imidazole) nucleus at positions 4 
and 5, or 5 and 6 of the pyrimidine cycle. The name “purine"’ was 
first proposed by Emil Fischer in his classictil paper on purine chemistry 
published in 1899,® The accepted structure and nomenclature of purine 

^ Meyor and Jacol> 0 on, Lehrbuoh der organischen Ghemie,” deGru 3 rt€r, Leipzig (1920), 
Vol. II, parts, p. 1172. 

* Fiacher, Ber,, SS, 435 (1899), 
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compounds are based on the old Medicus formula for uric acid.® 
The Fittig formula ^ ® for uric acid is of historical interest only, and so 
far as the author is aware no organic substance conforming to this 
constitution has thus far been synthesized. 


Uric Acid 


1 NH- 

—CO 4 

NH C— NH 

1 

1 7 

1 / 

1 

2 CO 

5C— NH 

CO CO 

CO 

1 

6 II >CO 8 

1 \ 

1 

3 NH- 

-C-NH 9 

NH C— NH 


Medicus Formula Fittig Formula 


The utter confusion introduced by a change in the numbering of 
purine positions is illustrated by the nuiiibering used in the compilation of 
ring systems published in Richter’s “ Ltixikon.”® For purines this 
proposed numbering was not followed, however, and in the text of 
Richter^s Lexikon the designation of positions in the purine cycle 
is in accord with that originally recommended by Emil Fischer. 


classification of pyrimidine compounds 
Pyrimidones 

The pyrimidones may be grouped according to the following clas- 
sification, namely, monobxy-, dioxy-, trioxy-, and te‘traoxy pyrimidines. 
The monobxy series includ(vs th(‘ isonuTic moncx'ixy pyrimidines, 
namely, 2-oxy-, ^ ^ 5-oxy- and 6-oxypyrimidin(‘s, * and the correspond- 
ing saturated derivatives. The oxypyrimidines representative of 
these three types are expressed by the formulas which follow. 


Monooxypyrimidines 
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ix n — uw NH — ( H N (TI2 

2.0xypyrimidine 6-Oxypyrimidine 6-Oxypyrimidine 


• Medicus, Ann., 176, 243 (1875). 

“Fittig, "Gnindriss der organische Chemie," Iluncker and HumWot, Uip«g (1877). 

«JollIlSOII Joyce, •/. jitKi Sar VI Moir\ li t a ^ 

mfemO)’ w’Vf ft®'”’’ ^so.iirnn.*^,”^. 

fs wl V r » ; •’ **■ ”'*'*2) ; (2) 48, 489 (1893). 

Gabriel and 

Colman, Ber., 32, lu34 (1899); Btr.. 32, 2930 (1899); Galffiel, Ber., 37, 3638 (1904). 
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2-Oxypyrimidine, ‘ ^ acetylacetone urea, ^ ^ anhydrodiacetone urea, ^ 
and trimethylene urea^® are representatives of 2-oxy pyrimidines. 
6-Oxypyrimidine ^ ^ and a limited number of its derivatives ^ ® are known. 
No 5-oxypyrimidine8 have bec*n reported in the literature. 

Uracil, thymine, and their reduced forms are the most important 
representatives of the 2,6-dioxypyrimidines. Isouracil ^ and 4,6- 
dioxyhexahydropyrimidine^'^^ are memb(‘rs of the 2,5- and 4,6-dioxy 
series. No representatives of the 5,6-dioxypyrimidines have been 
described in the literature. 

Diozypyrimidines 
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Uracil Lsouracil 4,r>-Dioxyhoxahyclro|)\Timidine 

Barbituric acid^’^ and its several substituted derivatives, and isobar- 
bituric acid,-- are the most important representatives of the triox>’- 
pyrimidine typers. Alloxan-*^ is the outstanding representative of the 
tetraoxy type of oxidized p^Timidines. 

Trioxypyrimidines Tetraox3rpyrimidines 
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Isobarbiturie acid Biirbituric acid Alloxan 


Johnson and Joyce, J . Am, Chern, .SW,, 37, 2151 (1915). 

StJEirk, Ann., 381, 143 (1911); Her., 43. 099. 708 (li»09); Stark and IV)(remann. Ber., 
43, 1126 (1910); Kvan», J. rrakt. Chrm., (21 46, 3,72 (1892); l2] 48. 489 (lS93t; Boiuiry, 
Heitor, and Soonderop, Bvr., 50, 09, 88 (1917»; Halo and Vihrans, J . Am. ( hem. 40, 
1054, UHU (1918). 

Tniuln* and Djron*. Brr., 33. 3UH) (18V>9); Trailin', Brr., 37. 277 (18i>4). 

Fiachor and Koch, Ann., 333, 224 (1880); Tafcl and Wcinachenk, Ber., 33, 3386 
(IIHX)); Tafcl and Heiiidl, Brr., 34, 3289 {UK)1); Franchiinont and Frii*<imann, Rec. trav. 
chim., 36, 218 (llKKi); (’urtiueand (’Icnim, J. prnkt. Chem., (2) 63. 197 (19tKV), 

Whcolor, J . Biol. Ckem., 3, 285 (1907). 

Gabriel and Colman, Brr., S3. 1534, 2930 (1899) ; Gabriel, Ber., 37. 3038 (1904). 

Tafcl and Houseman. Btr., 40, 3748 (1907). 

*® Franchiinont and Duhsky, Rtx. trav. chim., 36, 84 (1916). 

** Haeyer, Ann., 130, 130 (1804); Finck, Ann., 133, 304 (1804); Baumc, Bull. soc. 
chim., [4! 31. 140 (1922) ; Kopp, Bcr., 13. 378 (1879); Omrad and Gutlucit, Her., 14. 1043 
(1881); 15, 2844 (1882). 

** Bchrcnd, Ann., 133, 39 (1885) ; I^hrend and lioosen, Ann., 351, 239 (1889) ; Johnson 
and Jones, Am. Chem. J., 40, 545 (1908); Johns, ibid., 45, 83 (1911); I^vene and La 
Forge, Ber., 45, 610. 619 (1912). 

** For Uteraturo consuH Boilstoin’a “Handbuch dor organischen Chemie/’ 
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Reduced Pyrimidines 

Relatively little is known of the chemistry of the reduced forms 
of pyrimidine. There are eight theoretically possible pyrimidine 
derivatives existing between pyrimidine, C4H4N2,^^ and its completely 
reduced form hexahydropyrimidine, C4HioN2.^® Five members of 
this family of pyrimidines are isomeric modifications of dihydropyrimi- 
dine, C 4 H 6 N 2 , and three are isomeric modifications of tetrahydropyrimi- 
dine, C 4 H 8 N 2 . Several alkyl derivatives of p 3 rrimidine have been 
prepared and the following may be mentioned: (1) monoalkylated : 
2-methyl-l,3-diazine, ^ ® 4-methyl- 1,3-diazine, ^ ^ 5-methyl- 1,3-diazine, 
5-ethyl-l,3-diazine,^^ and (2) dialkylated: 2,4-dimethyl-l,3-diazine,^^ 
4, 5-dimethyl- 1,3-diazine, ^ ^ 4,G-dimothyl-l ,3-diazine, ^ 4-methyl-2- 

ethyl-l,3-diazine,^^ and 4-methyl-5-ethyl- 1,3-diazine.^^ No r(?pre- 
sentatives of the dihydropyrimidines have been described in the litera- 
ture; and though no modification of tetrahydropyrimidine is known, 
alkyl derivatives of this series have been prepared, namely, 2-methyl- 
l,4,5,6-tetrahydro-l,3-diazine,^^ and the cis and trans isomers of 2,4,6- 
trimethyl-3 ,4 ,5 ,6-tetrahydro- 1 ,3-diazine , C 7 Hi 4 N 2 .^® 

PYRIMmiNE SYNTHESIS 
General Methods of Preparation 

Since pyrimidines may be considered as cyclic amidines, many of the 
methods of preparation are based on a cyclization brought al>out by in- 
teraction of an acyclic amidine with a chain compound of three carbon 
atoms. 2-Phenyl-l,4,5,6-tetrahydropyTimidine, for example, may he 
obtained by condensing benzamidine with l,3-dibromopropane.‘^^ 

C6H5C(NH2)=NH + BrCH2CH2CH2Br 

NH— C(C6H5)=N-CH2-CH2-CH2 + 2HBr 

Gabriel, Ber., 33. 3666 (1900); Emery, Ber„ 34. 4180 (1901); Gabriel and Oilman, 
Ber., 32, 1537 (1899). 

Titherly and Branch, J. Chem. Soc., 103, 330 (1913); Branch, J. Am. Chem. Soc., 38, 
2466 (1916). See also BischofT and Reinfold, Ber,, 36, 35, (1903). 

Gabriel, B(r., 37, 3642 (1904). 

Gabriel and Colman, Ber., 32, 1535, 2921 (1899). 

** Schlenker, Ber., 34, 2816 (1901) ; Gemgross, Ber., 38. 3396 (MK)5). 

2® Merkatz, Ber., 52, 869 (1919). See Kast, Ber., 45. 3124 (1912). 

*0 Schmidt, Ber., 35, 1577 (1902). 

Schlenker, Ber., 34, 2814 (1901). 

** Gabriel and Colman, Ber., 32. 1532 (1899); Angorstein, Ber., 34, 3957 (1901), 

Pinner, “Die Iminoather u. ihre Derivate,” Op[>enheim, Berlin (1892), p. 224. 

Byk, Ber., 36, 1917 (1903). 

Hofmann, Ber., 21, 2336 (1888); Haga and Majima, Ber., 36, 334 (1903). 

Harries and Haga, Ber., 32, 1194. 1198 (1899). 

” Pinner, Ber., 26, 2122 (1893). 



PYRIMIDINES, PURINES, NUCLEIC ACIDS 


955 


The application of this method of synthesis, however, is rather 
limited. A more fruitful method consists in condensing an amidine in 
alkaline solution with a / 3 -diketone. A similar condensation takes 

C6H5C(NH2)=NH + CH3COCH2COCH3 

n-c(CgH5)=n-c(ch3)==<:h-6(ch3) + 2H2O 

place readily between arnidines and /S-keto- or / 3 -aldehy do-esters. In 
these easels keto forms of pyrimidine are formed. 

CcH5C(NH2)=NH + CH3COCH2COOC2H5 

nh--c(CgH5)=n-(:(ch3)=ch~co + C2H5OH + H2O 

Since isourefis and Lsothioureas (pseudo forms of urea and thiourea 
resjx^ctively) may l>e conceived as arnidines, they can replace the latter in 
these condensation reactions. The pseudoalkyl thioureas have been 
found to be very useful for synthesis of pyrimidines. After cycliza- 

C2H5SC(NH2)-=NH + 0CH~CH2C()()C2H5 

NH-C(SC2H5)=-N-CH===CH— CO + H2O + C2H5OH 

tion, the mercapto group is easily removed by hydrolysis when an 
oxypyrimidine is fonned. The methods of preparing pyrimidine.s, which 
are based on the application of pseudothiourea condensatioas, have been 
found to l)e extremely useful. They have led to pyrimidines which are 
otherwise almost inaccessible. By condensing pseudcxnhylthiourea 
with ethyl / 3 -diethoxyac(doacetate, for example, a pyrimidine is fonned 
which on hydrolysis in acid solution yields a pyrimidine containing an 
aldehyde group in the 4 -position of the pyrimidine cycle. At present 
this Ls the only method available for preparing aldehydes of pyrimid- 
ines.^ * The replacement of arnidines by guanidine leads to derivatives 

C2H6SC(NH2)=NH + (C2H50)2CH-C0-CH2-C00C2H5 

NH-CO-NH-C(CHO)=CH-io 

4-UraciIaldehyde 

••Pinnw, Ber., 16. 2124 (1893). 

•• Pinner. Her., 17, 2519 (1884) ; 18. 759, 2845 (1885). 

^ Wheeler and Merrinm, Am, Chem. J., ft, 484 (1903). 

** Johnaon and Crotoher, J, Am, Chem. Soc„ 87, 2144 (1915). 
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of 2-aminopyrimidmes. In the presence of sodium ethylate, for ex- 
ample, guanidine and malononitrile add to each other with formation of 
2,4,6-triaminopyrimidine. * ^ 

NH2C(NH2)=NH 4- CHaCCN^ 

^ N— C(NH2)=N— C(NH2)=CH— C(NH2) 

The use of urea or thiourea in place of amidines leads directly 
to cyclic ureides, or pyrimidines containing oxygen or sulfur attached 
to the 2-position of the pyrimidine cycle. For instance, urea interacts 
with a-dichlorohydrin to form 2,5-dioxyhexahydropyrimidine, ^ with 
ethyl acetoacetate in alkaline .solution to form 4-methyluracil, ^ and 
with diethyl malonate to form barbituric acid."*® Urea combines with 
cyanoacetic acid to form cyanoacetylurea. Cyclization of this urea is 
effected in two different ways. Under the influence of alkali, rearrange- 
ment to 4-aminouracil takes place, and by catalytic hydrogenation 
uracil is formed. * " 

CN-CH 2 -CO-NH-CO-NH 2 C(NH2)=CH-C0-NH-C0-NH 
CN-CH 2 -CO-NH-CO-NH 2 HN=CH-CH 2 -C()- NH-CO- NH 2 — ^ 

H0CH=CH-C0-NH-C0-NH2 — IsTI-CO-NH-CH==CH-CO 

Uracil 

The acyclic ureides are, in many instances, very useful compounds for 
synthesis since they offer the possibility of effecting ring closures in dif- 
ferent directions, thereby leading to different tyix\s of pyrimidines. 
This is best illustrated by the following example. Ureido-methylene- 
ethylacetoacetate (I) reacts with sodium alcoholate to give the pyrimid- 
ine II, while under the influence of dilute potassium hydroxide solution 
followed by acidification, pyrimidine III, a ketone derivative of a 2,6- 
dioxypyrimidine, is formed. ** ^ 

NH,-CO-NH--CH==C(COOC JU) -COCII, 

^^^/NaOCjH. ‘ 

N— CO-NH-CH=C(COOC2Hd-^CH, NH-CO-NH-CO C(COCH.) ==(i:H 

II III 

« Traulx!, Ber.. 37, 4545 (1904). 

^•‘Turski find Kazmiercziik, Hoczniki Chm., 13, 375 (10,3.3). 

Bohrcnd, Ann., 229, 10 (18H5). 

*^G}il)riel and (’olman, Her., 37, 3667 (nM)4). 

Baum, Her., 41, 638 (1008). 

Rupe, Metzger, and Volger, Hdv. Chim. Acta, 8, 850 (1926). 

^*Bergmann and .Johnson, Ber., 66, 1404 (1033). 
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As has been shown above, cyclization can take place by way of addi- 
tion of an amino or an imino group to the triple bond of a nitrile group. 
Under certain conditions they may also add to an ethylenic bond and 
thereby form the pyrimidine ring. Emil Fischer’s synthesis of hydro- 
uracil^^ and Traube’s synthesis of 2-amino-4, 4, 6-trimethyl -4, 5-dihydro- 
pyrimidine serve as examples of additions of this type. 

The methods of synthesizing pyrimidines hitherto presented have 
dealt with an amidine or a urea derivative on the one hand, and on the 
other with an aliphatic chain compound containing three carbon atoms. 
That the prescmce of such an aliphatic chain coastniction i.s not necessary 
for the formation of the pyrimidine ring is shown in the reactions dis- 
cussed below. 

Urea, l^enzaldehyde, and ethyl acetoacetate interact to give 2-oxy- 
4-methyl-5-carbethoxy-6-phenyl-l ,2,3,6-t(4rahydropyrimidine. ^ One 

NH -(:o-nh-cxch3)==<:(Cooc2H5)- { c . h ,) 

molecule of urea and two of phenylacetaldehyde combine to form 2- 
oxy-5-phenyl-&-l)enzyl-l ,2,3,6-tetrahydropy rimidine. - 

The presence of an amidine or a urea derivative is not necessary’ for 
the formation of a pyrimidine ring. For example, 2-methyl-3, 4,5,6- 
tetrahydropyrimidine is formed by interaction of acetic acid and 1,3- 
diaminopropane. 

Of biochemical interest is the formation of a pjTimidine compound 
from aspartic acid. The amide of this amino acid reacts with formalde- 
hyde to give a methylene derivative, which by oxidation is transformed 
into e-oxy-^i-pyrimidinecarboxylic acid. "’^ 

CH2=N-CH(C00H)-<:^H2C0NH2->NH~CH=N~C(C00H)=CH-C0 

For the formation of a pyrimidine cycle, neither the presence of an 
amidine nor urea nor an aliphatic chain of three carbon atoms is nec- 
essary. This wiis i^tablished by the characteristic {X)lynierization of 
nitriles leading to the formation of the so-called cyanalkines. ^ These 

Fischer and Roeder, Ber., 84 , 3759 (1901). 

^ Traul)e and Schwiir*. Ber., 32. 3Hk1 (1899). 

** Biginelli, Ber., 24 , 1317 (1891); Ilinkel and Hey, Rec. trav. cJu'tn., 48 , 1283 (1929); 
Johnson, Folkers, and Harwood, J. Am. Chefn. Siyc.. 84 , 3751 (,1932 ; Folkers and Johnson, 
ibid., 88 , 3784 (1933). 

“ Folkers and Johnson, ibid., 88 , 3361 (1933). 

** Haga and Majima, Ber., 38, 334 (11K)3): Hofmann. Ber., 21, 2336 (1888). 

^ CherbuUes and Stavritcb, If eh. Chim. Ada. 8 , 267 (1922), 

** Wacho, J. prakt Chetn., 38 , 247, 256 (1889); v. Meyer, ibid., 37 , 397 (1888); 
Herfcldt, ibid,, 83 , 246 (1806). 
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condensations also take place between nitriles of different structures. 
For the formation of the pyrimidine ring, however, it is necessary that 
one of the nitriles taking part in the reaction be primary, because the 
reaction probably proceeds as follows : 

N X^— NH 2 

Ri-C >CR3 N=C(R')-N=C(R2)-C^(R3)==i-NH2 

N=C— R2 

Benzonitrile alone does not polymerize to give a pyrimidine, but two 
molecules of this nitrile and one of phenyl acetonitrile, for example, 
interact to form such a cycle. Finally, pyrimidines are obtained by the 
degradation of purines. The complete hydrolysis of adenine, for 
example, leads to the formation of G-aminopyrimidine, *^® and the oxida- 
tion of uric acid with chlorine produces alloxan. 

Special Methods of Preparation 

Preparation of Pyrimidine and Its Homologs. Pyrimidine may be 
synthesized in either of the following ways: (1) Barbituric acid is first 
treated with phosphorus oxychloride to form 2,4,6-trichloropyrinudine, 
which is then reduced to pyrimidine by means of zinc dust.*"*® (2) 

Homologs of pyrimidine are oxidized to the corresixmding carl)Oxylic 
acids which are then converted into pyrimidine by application of heat, 
bringing about decarboxylation.®** 

Hydropyrimidines result by interaction of 2,4-diamino[xmtane8 witli 
acetic acid. Two products are fonned {cis and tram), dejx'nding on 
whether the reaction is carried out with the meso or racemic modification 
of the amine.®® Hexahydropyrimidine (I) is obtained by interaction 
of formaldehyde and 1,3-diaminopropane. It has not been possible to 
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— CH 2 NH 2 - 

- CH 2 
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CH 2 ('H 2 
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-CH 2 N 
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•^Burian, Ergeh. Phymol {Anhcr Spiro), 5, 7M (11)00). 

Biltz and Heyn, Afin., 413, 60 (1917). 

^ Gabriel, 38, 3666 (19(K)); BUttner, Her,, 86, 2227 (1903) ; Gabriel and Colman. 
Bcr., 87,3657(1904). 

Gabriel and Colman, Her., 88 , 1537 (1891)). 

Harries and Haga. Her., 82, 1191 (1899). 
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isolate it, however, since it changes quickly into its tautomeric form, 
a-methyleneamino- 7 -aminopropane (II). In solution, both forms are 
in equilibrium. On addition of benzoyl chloride to the solution, N, N'- 
dibenzoylhexahydropyrimidine is formed and can tx* isolated. 

Pyrimidinecarboxylic acids are obtained by oxidation of hornologs of 
pyrimidine with potassium pennanganate.^'-' Quinazoline undir sim- 
ilar conditions yields 4,5-pyrimidinedicarboxylic acid which on heating 
loses carbon dioxide to give 5-pyrimidinecarboxylic acid.^’*^ 

Pyrimidine halides can prepared by the din^ct action of a halogen 
on pyrimidines.^'** Thereby substitution takes place in the 5-position 
of the cycle. 2-Phenyl-5-bromopyrimidine has tx^en obtained by 
decarlx)xylation of the corresponding 4-carboxylic acid. The latter is 
formed also by condensation of mucobromic acid with tK*nzamidine. ^ 
The r(‘placement of hy<lroxyl groups in oxy pyrimidines by chlorine 
atoms by tn^ating the oxypyrimidine with phosphorus oxychloride and 
phosphorus p<‘ntachloride is an extremely us<*ful method for the prepara- 
tion of chloropyriniidin(‘S. As an (‘xainple, tlu' synthesis of 2,4,6- 
trichloropyrirnidim? from barbituric acid has alniuly betm referred 
to in this chapter. This* reaction can bc‘ applied to all oxypyrimidines 
and their homologs. 4-M(‘thylunicil on chlorination gives 2,G-dichloro- 
4-m(‘thylpyriinidinf‘ and alloxan yields 2,4,5,(>-b4rachloropyrimidin(*. 
hxline cannot b(' introduced directly into the pyrimidine nucleus. 
However, it hjus lx*en jx)asible to n^placf* chlorine* atoms occupying the 
4- and B-pcxsitions of th(‘ pyrimidine* cycle by icKline.’*" 

Aininop3rriinidines. .Most of the imjx>rtant mono-, di-, and poly- 
amino derivatives of pyrimieline have lKH*n prepan*d by the action of 
alcoholic ammonia on the halogen derivatives of pyrimidine and its 
homologs. Th(‘ advantage of this nu*thod is that the n^placement of 
one or more chlorine atoms in pyrimidine polyhalides by the amino 
group depemds on the tempf‘rature of r(*action. 

By treating 2,4,6-trichloropyrimidine with alcoholic ammonia lx»lovv 
100® one chlorine atom only is replac'd by an amino group. The re- 
action product consists of a mixture of pyrimidines I and II which can 
be separated eiusily by cr>\stallization. At 160® the tricliioro compound 
as well as pyrimidines I and II yield the pyrimidine III, and at ternpt'r- 

Titherley and Branch, J, Chem. S(k., 103 , 330 (1913): Branch, J. .4m. Chem, Soc. 
38 , 2466 (1916). 

** iSchlenker, Ber., 34 , 281.5 (DOl); .\nger8lcin, Her., 34 . 39,57 (1901). 

Gabriel and Golinan, Her,, 37 , 3647 (UH)4). 

** Johnson and Johns. Am. Chrm, J . 34 . 185 (1^)05). 

Kvtnckell and Zumbiisch, Hvr., 38 , 3165 (HK)2). 

•• Cmmician and Magnnghi. Rrr.. 18 , 3445 (1885); Kmor>\ Brr., 34 , 4178 (1901). 

« Gabriel and Colman, Brr., 31, 2931 (1899). 
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atures above 300® the last of the chlorine atoms is removed and 2,4,6- 
triaminopyrimidine (IV) is formed.®* 

i!r-C(Cl)=N-CCl=CH-6-NH, i!}-C(NH,)=N-CCI==CH-A<!1 

I II 

i!r-C(NHs)=N-CCl=CH-<!l-NH, lll-C(NH,)=N-C(NH,)=CH-<!!-NH, 

III IV 

In all three of the pyrimidines I, II, and III the chlorine atoms can be 
replaced by hydrogen. When reduced with zinc dust the triamino- 
P 3 aimidine IV is converted into 2-aminopyrimidine^® with loss of 
ammonia. In order to obtain 6-aminopyrimidine from III it is neces- 
sary to reduce this with hydrogen iodide and phosphorus when 4-iodo-6- 
aminopyrimidine is formed. On reduction with zinc dust this iodo 
compound is converted into 6-aminopyrimidine. In a similar manner 
pyrimidine III can be* reduced to 2,6-diaminopyrimidine. ^ ^ 

The chlorine atom in the 5-position of the pyrimidine nucleus is not 
easily replaced directly by an amino group. In order to prepare 5-amino- 
pyrimidines the pyrimidine has first to be subjected to nitration where- 
by the nitro group genr* rally goes into the 5-position. The nitro com- 
pound can then be reduced easily to the corresponding amino corn- 
pound.^^ 2,4,6-Triaminopyrimidine reacts with nitrous acid to give 
5-nitroso-2,4,6-triaminopyrimidine, which can be reduced to 2, 4,5,6- 
tetraaminopyrimidine. ^ ^ 

Nitropyrimidines can be prepared by direct nitration. The nitro 
group, however, does not always enter the 5-po8ition. 4-Methyl-6- 
aminopyrimidine, for example, reacts with nitric acid to give the pyrimi- 
dine^^ represented by Formula I, while 4-methylpyrimidine yields the 
product expressed by Formula 11.^^ 
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Gabriel and Colman, Ber., 37 , 3657 (1904). 
•«Battner, Ber., 36 . 2229, 2232 (1903). 
^OBi'ittner. Ber., 36 , 2233 (1903). 

Isay, Ber., 39 . 255 (1906). 

” Traube, Ber., 87, 4546 (1904). 

Gabriel and Colman, Ber., 34 , 1241 (1901). 
Gabriel and Colman, Ber., 85, 1573 (1902). 
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Mercaptopyrimidines. Pyrimidines containing a mercapto group in 
the 2-position have been prepared in large numbers. They are formed 
by condensing pseudoalkylthioureas with iS-ketonic esters and i3-dike- 
tones (see above). A profitable way to prepare them, especially those 
having the mercapto group in the 4- or 6-positions, is the replace- 
ment of the chlorine atoms of a chloropyrimidine by the sulfhydryl 
group by action of potassium hydrogen sulfide. Direct alkylation 
of the resulting thiopyrirnidines leads to the corresponding mercapto 
derivatives.^® 

Under the action of hydrobrornic or hydrochloric acid the mercapto 
group can be replaced by hydroxyl and an oxypyrimidine formed. The 
mercapto group can be replaced also by an amino group, in some cases, 
by treatment with ammonia. Phosphorus oxychloride and phosphorus 
pentachloride have no destnictive influence on the mercapto group. 
This property makes the 2-mercaptopyTimidines important and useful 
intermediary products, a fact which is best illustrated by the following 
synthesis of cytosine. 


C2H5SC(NH2)=NH + NaO~CH=CH-COOC 2 H 5 


NH- 

-CO 

1 

POCI, 

y 


=CC 1 

1 

j 

C2H5SC 

II 

1 

CH 

1! 

C2HoS(' 

II 

(^'H 

II 

N — 

-CH 


N — 

-CH 

N= 

^ C2H5SC 

=CNH2 

1 

CH 

H,0 
► 

CO 

=C’NH2 

1 

C'H 

II 

II 


i 

!| 

N — 

-CH 


NH- 

-CH 


Cytosine 


Thiocyano derivatives of pyrimidines may be obtained by the inter- 
action of chloropyrimidines with potassium thiocyanate. The resulting 
thiocyanates can be rearranged to isothiocyanates and the latter con- 
verted to thiourethanes and amines. 

==(>.C1-* ===.C-^CN-^ ==C.-Nas-- =C-NHCSOC2 Hs- =C-NH* 

I I I I ! 

Alkox3rp3nrimidines can be prepared from the corresponding halogen 
derivatives by the action of sodium alcoholates. Similarly to the 

Whoeler and Liddle, Am. Chem. J,, 40 , 557 (1908). 

TraidMS, Ann., S81, 80 (1904). 

Wheeier and Johnnon, .4m. Chem. J., IS, 492 (lfK)3). 

” Johnaon and Chi. J. Am. Chem. Soc., OS, 1584 (1930). 
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formation of aminopyrimidines from 2,4,6-trichloropyriinidiiie, mono-, 
di-, and trialkoxy derivatives can be obtained if the temperature of the 
reaction between the sodium alcoholate and the dichloropyriraidine is 
properly controlled.^® It is also possible to prepare alkoxypirrimidines 
by direct alkylation of oxypyrimidines in the form of their sodium 


NH— CO + C2H5I + C2H50Na 


N==C0C2H6 


Since the alkoxypyriinidines tend to undergo molecular rearrange- 
ments into the lactam modifications they can be used as intermediary 
products for the formation of nitrogen alkylation derivatives of pyrimid- 
dines. 2,6-Dimothoxypyrimidine, for example, rearranges into 1,3- 
dimethyluracil. ® ^ The laciim form on treatment with methyl iodide 
yields 2-oxy-3-methyl-6-methoxypyrimidine. The latter can bc‘ trans- 
formed into 3-methyliiracil by hydrol^^sis. l^'his propc»rty of 2,6- 
dimethoxypyrimidine has been employed in the synthesis of 3-gluco- 
sidouracil. ^ ^ 

Monooxypyrimidines. 2-Oxypyrimidine is easily prepared from 
2-ethylmercapto-6-oxypyrimidin('. ^ ^ 4,6-l)imethyl-2-oxypyrimidine 
(acetylacetoneurea) is readily available by condensation of acetylacetonc 
with urea.®^ Derivatives of 2-oxy-l,6-dihydropyrimidinc (desoxoura- 
cil) can be obtained by application of the Biginelli reliction, by 
reduction of 2-oxypyrimidines,®® and also by means of the following 
reactions.®^ 

C6H5COCH3 + CH2O + CH3NH2 CoHr,COCH2CH2NHCH3 

KCNO - I 

> CH3N-CO-NH-C(C(iHr>)=t:H-CH2 


2-Oxytetrahydropyrimidine is formed by heating Irimethylenediamine 
with ethyl carbonate.®® 

4-Oxy pyrimidines are known in larger numbers than the types 
mentioned above. They are obtained by condensation of amidines with 
^-ketonic esters and by replacement of amino groups in pyrimidines by 

Biittner, Her., 36, 2234 (lt)03), 

Johnson and Moran, J. Am. ('hem. Soc., 37, 2595 (1915). 

Hilbert and Johnson, ibid., 52, 2001 (1930). 

Hilliert and Johnson, 'ibid., 62 . 4489 (1930). 

Johnson and Joyce, ibid., 37, 2150 (1915). 

Evans, J. jmikt. ('hem., 48, 492 (1893). 

** Folkers and Johnson, ,/. Am. (Jhrm. Sac., 65 , 3301 (191i3). 

** Bergniann and Johnson, Her., 66 . 1492 (1933). 

Mannich and Heilner, Bir., 55. 305 (1922). 

Fischer and Koch, Ann., 232 , 224 (1880). 
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treatment with nitrous acid.®^ 4-Oxypyrimidine (pyrimidone) is 
formed by the action of hydrogen iodide and red phosphorus on 2,4- 
dichloropyrimidine.*^^^ 6-Phenyl-4-oxypyrimidine has been obtained 
by the following series of reactions.®^ 


1 

11 + C6H5COCH2COOC2H6 

O'' 

=N— CO 

1 


i 


-C=CH 

1 

C0H5 

N— 

—CO 

NH- 

-CO 

KMdO, II 

i 

CH — 

1 

1 

^ HOOCC 

('H 

(’H 

1 

II 

II 

II 

HOOCN— 

— CCoHs 

N 

-CCeHs 


A 6-aldehydo derivative of a 4-oxypyriinidine has hK'en described.®^ 
Monoaminomonooxypyrimidines. These can be prepared by appli- 
cation of standard methods of synthesis already discussed. Acetamid- 
ine and ethyl cyanoacetate interact, for example, to form 2-methyl-4- 
oxy-6-aminopyrimidine.^‘*^ The condensation of guanidine and )S- 
aldehydo or /S-ketoesters leads to the formation of 2-amino-4-oxypyriin- 
idines. The synth(\sis of isoc>dosine illustrates such a reaction.**^ 
The preparation of 2-oxy-6-aminopyrimidine (cytosine) has already 
been rt^ferred to. AnothcT way t^) prepare cytosine avoids the use of 
intermediary sulfur eonifxjunds and uses uracil as th(' starting point. 
The latk'F is converted to 2,6-<iichloropyrimidine wdiich upon treat- 
ment with ammonia jit'lds a mixture of aminochloropyrimidines. 
The halogens are then replaced by methoxy groups by tmatment with 
sodium methoxide. Isomc'rs are obtained which are easily separated. 
On hydrolysis the 2-m('thoxy-6-aminop>Timidine yields c>losine, and the 
2-amino-6-methoxypyrimidine gives isoe^dosine.^^'' For the prepara- 
tion of other cytosine derivatives consult the literature. 

Monooxydiaminopyrimidines. 2-Oxy-5,6-diamino- and 6-oxy-2,6- 
diaminop 3 Timidine, 5-aminocytosine,^’^ and 5-aminoisocytosine ® am 

»* V. Meyer, J, prakt, Chern., [2] S7, 409 (1888). 

•® Wheeler, J, Biol. Chem., S. 288 (UK)7). 

Seide, Ber., 58. 352 (1925). 

•* Johnson and Mikeaka, J. -4m. Chem. Soc., 41, 2349 (1920). 

•*Traub©, Oer. pat. 135. 371; CArm. Zettir., (11). 1229 (1902). 

W’’heeler and Johnson. -.4m. Chem. J., If, 501 (U.H)3). 

Hill>ert and Johnson, J. /!?«. Chem. Sac., 58, 1154 (1930). 

•• W^heeler and Johnson, Am. Chem. 31 591 (IIKM); Johns, ibid., 40> 348 (1908); 
Johnson and Clapp, J. Biol. Chirm., 5, 49. 02 (11K)8). 

W'heeW and Johnson, >lm. Chem. J., 31, 591 (1904). 

** Johnson and Johns, ibid., 34, 559 ( 1905 ). 
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prepared by reducing the corresponding 5-mtropynmidines. The con- 
densation of guanidine with ethyl cyanoacetate leads to 6-oxy-2,4-diam- 
inopyrimidine. 2-Methylmercapto-4,6-dianiinopyriniidine is con- 
verted into 2-oxy-4,6-diaminopyrimidine by hydrolysis with acids. 

Dioxypyrimidines. For the preparation of 2,6-dioxypyrimidine 
(uracil) several methods are available, but most of them are only of his- 
torical or theoretical interest. Fischer prepared the compound from 
5-bromodihydrouracil. ^ ^ It can also be obtaincKl by a series of reactions 
from 2,6-dimethoxy-4-chloropyrimidine. Another method is based 
on a partial Hofmann reaction (p. 694) applied to maleic diamide. 

CH-CO-NH 2 CH-CO-NH 2 

II + NaOBr || Uracil 

CH-CO-NH 2 CH-NCO 

Of the greatest practical value is the synthesis of uracil by interaction 
of urea and malic acid in fuming sulfuric acid.’^^"* In this reaction 
malic acid is changed by the action of strong sulfuric acid into formyl- 
acetic acid which combines with urea to form uracil. 

Homologs of uracil have been synthesized by methods which are 
analogous to those used for the preparation of uracil, l^hymine (5- 
methyluracil) can be prepared (1) from urea and methylacrylic acid, **^‘'» 
(2) from pseudoethylthiourea and ethyl formylpropionate, ’ (3) from 

methylcyanoacetylurea on catalytic reduction, ^ and (4) from 5- 
methyl-2,4,6-trichloropyrimidine. ’ 

The classical method of Behrend is available for the preparation of 
4-methyluracil. Curiously enough this iiH^thod cannot Ix" applied 
with success to substituted ureas or esters of alkylated ('thyl acetoacxv 
tate. Such compounds can be obtained indirectly through condensa- 
tions with guanidine. ^ N-Methyl hornologs of uracil, for example, 
1,3-dimethyluracil, can be prepared by methylation of uracil with 
diazomethane ^ ^ ^ or by the rearrangement of 2,6-dirnethoxypyrim- 

Trauhe, Ber., 33 , 1375, 3035 (HMX)). 

Wheeler and Jamieson, Am. ( hem. J 32 , 340 (1{K>4). 

Fischer and Rocder, Ber., 34 , .3701 (llK)l). 

Gabriel and Ck>linHn, /ifr,, 36 , .3.370 (UK)3). 

Rinkes, Kec. trav. chim., 46 , 268 (1027). 

Davidson and Haudisch, J . Am. ('hern. Soc., 48 , 2370 (1026). 

106 Fjgeher and Roeder, Bcr., 34 , 3751, 3758 (1001). 

106 Wheeler and Merriani, Am. ("hem. J 29 . 478 (1003). 

Bergmann and Johnson, J. Am. Chem. iSoc., 65 , 1733 (1033). 

Gerngross, Ber., 38 . 3408 (1W>5>. 

Behrend, Ann., 229 , 16 (1885). 

"0 Byk, Bcr., 36 , 1015 (1903). 

Johnson, Hill and Case, Proc. Natl. Acad. Sci., V. S., 8, 44 (1922). 
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idine. ^ ^ ^ Several derivatives of uracil have been prepared which con- 
tain oxygen in the side chain, namely, 5-rnethyluracil-4-methanol and 
derivatives,^ and also 4-methyluracil-5-methanol by the action of 
formaldehyde on 4-methyluracil. ^ 

Amino Derivatives of Dioxypyrimidines. A general method for the 
preparation of 5-amino-2,4-dioxypyrimidines (5-aminouracils) consists 
in reducing the corresponding nitro compound. ^ ^ 5-Bromouracil ^ ^ ^ 
and 5-nitrouracil ^ ^ ^ are both easily accessible pyrimidines, but replace- 
ment of a halogen in position-5 by the action of ammonia Ls not a 
practical procedure. Of the dioxydiaminopyrimidines, 4,6-dioxy-2,5- 
diaminopyrimidine (divicine) and 2,6-dioxy-4,5-diaminopyrimidine have 
b(H'n prepared by the reduction of the corresponding 5-isonitrosopyrim- 
idines. ^ ^ ^ 

Hydrogenated Dioxypyrimidines. 2,6-Dioxy-4,5-dihydropyrimidine 
(dihydrouracil) can be pn*pared by the catal>dic reduction of uracil, by 
condensation of urea with acr>dic acid, by cycliziition of /3-ureidoacrylic 
acid,*^^* and also by interaction of the diamide of succinic acid and 
sodium hypobromitf'. * The el(*ctrol>’tic r(‘duction of veronal (5,5- 
diethylbarbituric acid) l(‘ads to a d(‘rivative of an isomer of hydrouracil, 
namely, 2-d(*Boxyv(‘ronal. ^ ' 

Trioxypyrimidines. Barbituric acid is the outstanding representa- 
tive of this series, and has already l)een n'fern^d to alK)ve. It may be 
obtained by heating urea with malonic acid in the pres('nce of phos- 
phorus oxychloride. ‘ Owing to the pharmacological interest of 
derivatives of barbituric acid a large number of homologs have been 
prepared. 5,5-I)imethylbarbiturie acid is obtained l>y interaction of 
the silver salt of barbituric acid and methyl iodide.’-'^ This method, 
however, cannot Ix' applied successfully for introduction of alkyl groups 
higher tlian methyl. Approaches to the higher homologs exist in the 
condensation of mono- and dialkylmalonyldichlorides, mono- and 
dialkylrnalonic esters, mono- and dialkylcyanoacetic esters, and mono- 
and dialkylmalonunitriles with urea, thiourea, or guanidine. Thereby, 

HillKjrt and Johnson. J. ,4m. Chem. 62 . 2(K)1 (1930). 

Johnfioii and (’hornoff, ihid., 35. 585 (1913), 

Kircher, Ann., 386 , 293 (1921); Schmedes. •4nn., 441 , 192 (1925). 

Behrend, Ann., 240 , 23 (1887); Kohler, Ann., 236 , 50 (1886). See Michael, 
J. prakt. Chem., [2] 35 , 456 (1887). 

Wheeler and Merriani, Am. Chem. J., 29 . 486 (1903). 

Behrend, Ann., 129 , 35 (1885). 

Traul)©, Ber., 26 . 25,55 (1893); 33 . i:i82. 3044 (1900). 

Ungfeld and StiegliU. Am. Chem. J., 15 , 516 (1893), 

^ Weidel and Rnithner, MoncU^h., 17. 182 (1896). 

Tafd and Thompson, Ber., 40 . 4489 (1907). 

»«Grimaux, Bull. soc. chim. [S] 31 , 146 (1879). 

Conrad and Guthicdt, Ber,, li. 1043 (1881). 
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5-mono- or dialkylbarbitiiric acids, or the corresponding thio- and imino- 
derivatives are obtained by condensation in presence of sodium alkox- 
ides. The latter on hydrolysis give the corresponding barbituric acids. 
N- Alkyl and N-aryl barbituric acids have also been prepared. Dur- 
ing recent years increased attention has been given to the chemical 
synthesis and pharmacological study of thiobarbiturates. 

5-Bromo-, 5-nitro- (dilituric acid), and 5-isonitroso- (viol uric acid) 
barbituric acids are formed by direct action of bromine, nitric acid, and 
nitrous acid, respectively, on barbituric acid. Isobarbituric acid is 
obtained as a secondary product by the reduction of 5-nitrouracil. ^ 

Amino Derivatives of Triox 3 rp 3 rrimidines. Of the many ways which 
lead to 2,4,6-trioxy-5-aminopyrimidine (uramil), only three will be men- 
tioned: (1) reduction of dilituric and violuric acid, (2) interaction 
of aUoxan and ammonium sulfite, and (3) action of ammonia on 
dialuric acid.^^^ 2,5,6-Trioxy-4-aminopyrimidine (isourarnil) can be 
prepared from isobarbituric acid. ‘ 


NH-CO-NH-CH=C(OH)-CO 


HNO 


-> NH-CO- NH-C(NO)=C(OH)-(io 


iN'H-CO-NH-C(NU j)=C(OH) CO 


Tetraox 3 rpyrimidines. The outstanding representative of this series 
is alloxan, which is obtained by oxidation of uric acid. The reduction of 
alloxan leads to dialuric acid.^^* The isomeric isodialuric acid results 
from the oxidation of isobarbituric acid with bromine water. A 
5-methyl derivative of 2,4,5, 6-U*traoxyhexahydropyrimidine is the 
thymine glycol, ^ which is formed as follows: Thymine (I) is converted 
into 4-hydroxy-5-bromohydrothymine (II) by treating it with bromine 
in aqueous solution. This bromo compound is then allowed to interact 


NH— CO 

I I 

CO CCH3 

I il 

NH— CH 
I 


NH— CO 
I i /CH 
CO c< 

I I -^Br 

NH— CHOH 

II 


3 


NH— CO 
I I /CH 
CO c< 

I I X)H 
NH— CHOH 
III 


3 


‘••Hepner and Frankenfjerg, Ber., 66 , 123 (11)32). 

*“ Baeyer, Ann., 167 , 220, 223 (1863); Cereaole, Ber., 16 , 11,33 (1883). 

'** Behrend and GrUnewald, Ann., 309 , 256 (1899). 

Baeyer, Ann., 127, 220, 223 (1863). 

*“ Fischer and Clemm, Ber., SO, 3091 (1897). 

Bilte and Damm, Ber., 46 , 3668 (1913). 

Bogert and Davidson, Proc. Nall. Acad. Set. U. , 8 ., 18 , 490 (1932). 

Wohler and Liebig, Ann., 36 , 276 (18.38); Biltz and Danim, Ber . M, 3663 (1913), 
“•Behrend and Roosen, Ber., 21 , 999 (1888); Johnson and Jones, Ckem J 40 

646 (1908), 

1“ Baudisch and Davidson, J. Biol. Chem., 64 , 233 (1926), 
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with silver oxide whereby the bromine is removed and thymine glycol 
(III) is formed. 

PURINE SYNTHESIS 


The first synthesis of a purine was accomplished by Horbaczewski ^ 
in 1882 when he reported the formation of uric acid by the fusion of 
gly cocoll with urea. Several years later he replaced gly cocoll with 
the amide of trichlorolactic acid and reported the formation of uric acid 
in improved yields. It Is interesting to note that Robc^rt Behrend later 
repeated this pioneer w'ork of Horbaczewski and was unable to produce 
uric acid by the fusion of urea with glycocoll. However, when tri- 
chlorolactamide was employed uric acid was obtained. ^ 


NH, CONHj NH CO 

! ! 'I 

CO + CHOH -f NH,v -♦CO C— NR 4- NH^CI -f 2HCH- RO 

I I ,CO i !i >co 

NH, CCI, NH," NH NH^ 


This method of synthesis revealed ver>^ little concerning the exact 
structure of the uric acid molecule, and it remained for Behrend and 
Roosen^’^^ to present the first synthesis of uric acid which showed the 
constitution of this purine. These investigators condensed urea with 
ethyl acetoacetate to fonn the pyrimidine 4-methyluracil. Uix)n treat- 
ment of this compound with nitric acid, nitration and oxidation took 
place with the formation of 5-nitro-4-uracilcarlx)X3dic acid which 
readily lost carlK)n dioxide ujxm heating to fonn 5-nitrouracil. Reduc- 
tion of the latter with tin and hydrochloric acid gave a mixture of 
5-amino- and 5-hydroxyiiracil. The latter compound was then oxidized 
with bromine water to i.^^odialuric acid which reacts with urea in the 
pix'sence of sulfuric acid to form uric acid. These changes are expressed 
below: 

NH2CONH2 + CH3COCH2COOC2H5 


NH— CO 

1 i 

CO CH 

I !! 

NH— C-CH3 

NH— CO 

I I 

CO C-()H 

1 II 

NH— CH 


HNO, 

> 

H. 


Br, + H,0 


NH— CO 

NH— CO 

i i Heat 

1 : 

; i 

CX) C NHs > 

CX) ( -NH2 

> 1! 

1 II 

NH— C-COOH 

NH-rH 

NH— CO 

1 1 

NH— CO 

1 1 Urea 

CO C-OH > 

j 1 

CO C— NH. 

1 II 

i 1! 

NH— C^H 

NH— C— NH 


H, 




0 


Uric Acid 


Horbaciewski. MoncU^K 8 , 792 (1882); 6. 356 (1885). 
*** Horl)acii»w8ki, tWd., 8 , 201 (1887), 

Behrend, Ann.. 441. 215 (1925). 
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More recently this method of synthesis has been employed for the 
preparation of several methyl derivatives of uric acid. ’ ® ® Owing to the 
present availability of uracil, 5-nitrouracil can be more readily prepared 
from this and the uric acid synthesis accordingly simplified. 

The next important method of synthesizing uric acid was described 
by Fischer and Ach,i®® who used as their starting material 5-amino- 
barbituric acid from which was prepared pseudouric acid. Upon fusion 
with oxalic acid, or by heating with hydrochloric acid, cyclization of the 
latter pyrimidine is brought about with formation of uric acid as follows: 


NH— CO NH— CO 

CO CH-NH 2 CO CH-NH-CONH 2 

NH— CO NH— CO - 


NH— CO 

I I 

(X) C— NH 

II 

NH— C— NH 


Methylated uramils may also be employed in this synthesis and 
methylpseudouric acids obtained, or, as Biltz hfis shown, pseudouric 
acid may be methylated directly. * ^ ^ The resulting alkyl pseudouric 
acids upon ring closure yield the corresponding alkyl uric acids. The 
following purines of the uric acid type were thus prepared: l-rnethyluric 
acid, 7-methyluric acid, 1,3-diniethyluric acid, 1,7-dimethyluric acid, and 
1,3,7-trimethyluric acid. Since these methylated uric acids can be 
utilized indirectly for the preparation of purine bases (xanthine derivar 
tives), the method is possible of wide application. 

A fruitful method for the preparation of purine derivatives from uric 
acid and the alkylated uric acids was discovered in the fonnation of 
halogen derivatives of purine by interaction of uric acids with the halides 
of phosphorus. ^ Owing to their pronounced reactivity, the halogen 
atoms of the purine undergo reaction with a variety of reagents such as 
alkali, ammonia, reducing agents, and sodium alkoxidevs. This has 
made possible the synthesis and interconversion of all the more impor- 
tant purine bases. For example, when uric acid is heated with phos- 
phorus oxychloride, chlorine first enters the 2- and 6-positions of the 
purine ring. ^ ^ ^ 

Behrend and Roosen, Ann., 251, 235 (1889). 

V. Loel)en, Ann., 298, 181 (1897); Prtisae, Ann., 441, 203 (1925). 

Fischer and Ach, Ber., 28, 2473 (1895); Fischer, Btr., 30. 559 fl897). 

Fischer and Clemni, Bcr., 30, 3089 (1897); Fischer, Brr., SO, rm (1897); Fischer 
and Ach, Ber., 28, 2475 (1895); Techow, Bcr., 27, 3087 (1894); Biltz and Damm, Ber., 
46, 3670 (1913). 

Biltz and Heyn, Ann., 423, 190 (1921). 

Fischer, “ Untersuchungen in der Puringruppe.” Sprin(for, Berlin (1907), 

Fischer and Ach, Ber., 30, 2208 (1897), 
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N=COH 


HOC C— NH 

II II >COH 

N— C— 


N=CC1 


CIC C— NH 

II II >COH 

N— C— 


At higher temperatures, using a large excess of the phosphorus halide, 
chlorine substitutes in the S-position. ^ 


N=CC1 


CIC (— NH 

II II >COH 

N— C— N^ 


N=CCI 


CIC C— NH 
II II JCCl 
N— C— N^ 


The chlorine in the 6-position is the most reactive ; th(‘ 8-position contains 
the least reactive halogen atom. With these facts in mind, Fischer, 
starting with 2,6,8-trichloropurine, successfully prepared purine, 
xanthine, adenine, guanine, and hypoxanthine. The action of the 
phosphorus halides ujK)n alkylated uric acids proceeds in a manner quite 
different from that in the case of uric acid. This is due largely to the 
inability of such compounds to act in the enolic form (lactirn) because of 
the substitution of the mobile hydrogen atom of — CO-NH — groups 
by the alkyl radicals. Thus 1,3,7-trimethyluric acid when heated with 
a mixture of phosphorus oxychloride and phosphorus pentachloride is 
converted into 8-chlorocafTeine, * which is easily reduced to caffeine. 
In like manner, 1,3-dimethyIuric acid may be converted into 8-chloro- 


CILN- 

CO 

! 

ClhN — 

1 

CO 

CH,X - 

CO 

CO 

j 

C NCH, 

ji ^:CO 

CO 

C-XCHa 

— CO 

C -NCH, 

'1 ^CH 

CHjN— 

-C~NH 

CILN — 

-c— n'" 

CH,X — 

-C-N 





Caffeine 


theophylline, and the latter reduced to theophylline or 1,3-dimethyl- 
^anthine. 

Later Fischer' employed phosphonis o.xychloride alone, and by its 
action he was able to convert. 3-methyl-, 3,7-dimethyl-, and 1,7-dimethyl- 
uric acids, respectively, into the corresponding 8-chloropurine deriva- 
tives. These halogenated purines are all easily reduced to the corre- 
sponding xanthine baseis, 

Fischer. Bit.. 80 , 2220 (1897). 

Fischer, Bit.. 31 . 257*0 (1898), 

Fischer. Bit.. 80 . 2220 (1897). 

Fischer, Ann., 816 , 253 (1882). 

Fischer and Ach, Bit., 88 , 3135 (1895). 

Fischer and Ach, Bcr., 81 , 1980 (1898) ; Fischer and Clemm, Bcr.. 81 , 2622 (1898). 
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The effect of adding phosphorus pentachloride to the phosphorus 
oxychloride^^® is best illustrated by the behavior of 3,7-dimethyluric 
acid which when heated to 140° is converted into 6-chloro-3,7-dimethyl- 
2,8-dioxypurine. At 170°, 7-methyl-2,6,8-trichloropurine results. In a 
similar manner 3,7,9-trimethyIuric acid and 3,9-dimethyluric acid under- 


CH 


NH— CO 

d;— NCH 

U " 


140 ® 


NH^ 


CO 


I 

CO 


CHaN- 


ca 

dl-NCH, 

|j 

C-NH 


170® 


-> CI< 


N:= 


=CC1 

I 

C— NCH, 






CCl 


go demethylation in the 3-position when heated with phosphorus pen- 
tachloride. ^ ^ ^ Phosphorus oxychloride alone suffices to convert 1, 3,7,9- 
tetramethyluric acid into 8-chlorocaffeine. ^ 

The methylated xanthines likewise art^ dernethylated when sub- 
jected to the action of the halides of phosphorus. Thus theobromine * 
reacts with phosphorus oxychloride at 140° to form 2,6-dichloro-7- 
methylpurine. At 160° with the addition of phosphonis p('ntachloride, 
substitution also occur? in the 8-position. Fischer employed 2,6- 
dichloro-7-methylpurine in the synthesis of heteroxanthine and para- 
xanthine as follows: 


CHaN- 


NH— CO 

d— NCHs 

\, 


CH 


-N 


I 

CIC 


N- 


~-CCA 

I 

G-NCHa 

|! >» 

C- N 


CCl 


CIC 


N- 


! 

C-NCH, 

11 )cci 
c N 



Heteroxanthine 


CH,N — CO 


HjO 


JO C NCH, 

NH— C- N 
Paraxxinthine 


^“Fisrher, lUr., 28 , 2481 (1895); 30 , 18.39 (1897). 
Fischer, Her., 28 , 2494 (1895); 32 . 270 (1899). 
Fischer, Her., 30 , 3010 (1897). 

Fischer. Ber„ 30 , 24(K) (1897); 28 . 2489 (1895). 
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Caffeine likewise can be demethylated to form paraxanthine, 
theophylline, and finally xanthine itself. For this purpose Fischer em- 
ployed phosphorus pentachloride or a solution of chlorine in phosphorus 
oxychloride. By this means purine compounds represented by formulas 
I, II, III, and IV (below) were obtained. Hydrolysis of the chloromethyl 
groups in these purines, followed by reduction, led to the formation of 
the demethylated purines of the xanthine type. 


CH»N CO 

I 


ho C-NCH. 

I 1 > 

,N O-N 


I 

8-Chlorocaffeine 


CHaN CO 

(Ix) ^NCHjCl 
>CC1 

CH,N C— N 

II 

7',8-Dirhlorocaffeine 
ClCHsN CO 


CHaN CO 

CO 6— NCH, 

I !i /cci 

ClCHjN C— N 

III 

3',8-Dichlorocaffeine 


Co 


C~NCHaCl 

i )cci 


CH.N CO 

<!lO (^NH 

i II >“ 

CHaN C~~'N 

|h, 

CHiN-^^^O 
( ! 

CX) C-NH 

I li \CH 

I li 

CIIaN — C N 
Theo[)hylline 


ClCHtN C~K 

IV 

1 ',3',7',8-TetracWorocafFcine 
CHaN - CO 

CO C-NCH, 

I I 

Nil -C—N 


Ih 


CH,N — CO 

I 1 

CO C NCH, 

i \ 


! i! 

NH - C N 
Paraxanthine 


NH— CO 
CO C--NH 


NH-C-N 

|h. 

NH -CO 


>CC1 


CO 


C NH 

!i 


^CH 


NH C N 
Xanthine 


It is evident, therefore, that through the use of the halogenated pur- 
ines obtained from uric acid and its derivatives Fischer was able to pre- 
pare xanthine and its derivatives quite readily. Having accomplished 
this ttisk successfully, he next investigated the reverse change and was 
able to convert several of the xanthines into the corresponding uric acids. 
I'hrough the action of halogens, the xanthines as a class undergo sub- 
stitution in the S-position. * Thus theobromine in chloroform solution 
when treated with chlorine yields 8-chlorotheobromine. The halogen 

Fischer and Ach. Rir., 8», 423 (nK)6). 

Fiw^her, Ann,, tlS. 316 (1882); Fi»cher and R©e«e, Ann., Ml, 336 (1883); Fischer 
and Ach, Ber., S8. 3141 (18»5). 
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in the 8-position is quite resistant to the action of acids, but by means of 
alkali, replacement can be effected and 3,7-dimethyluric acid obtained in 
good yields. In many cases, however, the action of alkali produces 


NH— CO 
io NCH, 

I II 

CH,N C— N 


NH— CO 
io d:— NCH, 

I II 

CHaN C— N 


NH 


CHaN- 


-co 

d^-NCH, 

II /' 

-C— Nfl^ 


CO 


profound changes in the purine molecule and as a result the method is of 
limited application. * 

More recently Biltz ’ has introduced a new method of synthesis 
which although not general luus proved very valuable in certain cases. 
By the action of chlorine in the pri'sence of acetic acid, theobromine is 
converted directly into 3,7-(;limethyl-5-chIoroiaouric acid. Upon reduc- 
tion this compound is converted into 3,7-dimethyluric acid as follows: 


NH— CO 

I I 

CO C— NCH 


NH— CO 


Cl; 


I II / 

CH,N C— N 

Theobromine 


> CO C((1)-NCHa 
\ CH3COOH 1 I V 

>CH >(.'0 


CH 3 N C= 


-N 


NH— CO 
SnClj i I 

► C O C -XCHa 

i 11 \ 

I |l /.CO 

CHs\ C - NTl 

3,7-Dirnethyluric acid 


In a somewhat similar manner theophylline * and caffeine * have 
been converted into the corresponding 1,3-dimethyluric acid and 1,3,7- 
trimethyluric acid, respectively. 

Following closely Fischer’s important work, Traulx* introduced his 
splendid method for the synthesis of purines. Of all available 
methods this is probably the most versatile and useful synthetic pro- 
cedure. 

The starting matcTial of his mt‘thod of synth(\sis is cyanoacetic acid or 
its ester which is condensed with un'a to form cyanoac(‘tylurea. When 
this is treated with alkali it is transformed into 4-aminouracil. By the 
action of nitrous acid a nitroso-aminouracil is fonned which is readily 
reduced to 5,6-diaminouraciI, 


NH2 COOR 

! I 

CO + CH2 

NH; (!: = n 

Fischer, Ber., 28, 2480 (Isa'S). 

Fischer, Ber., 31, 3272 (1898). 

Biltz and Damm, Ann., 406, 22 (1914). 
Biltz and Strufe, Ann., 413, 157 (1917). 
^•^Biltz, Ber., 43, 3553 (1910). 

Traulie, Ber., 33, 3045 (1900). 


NH~C0 NH--CO NH--CO 

! i 1 : 


NH--C0 
a> <!;nh, 


CO Cfl; or 6o CH — CO CNO 
NH-C=NH NH-AnH, NH-AnH, NH~AnH, 
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By the action of chlorocarbonic ester on this diamino derivative, a ure- 
thane results, the sodium salt of which is readily transformed into uric 
acid when heated. 

NH— CO NH— CO NH— CO 

CO CNH2 CO CNHCOOEt CO C— NH 

I 

NH— CNH2 NH— CNH2 NH— C— NH 

Uric acid 


Through the use of methylated pyrimidines the corresponding alkylated 
uric acids may be obtained easily. 

If formic acid is heated with the diaminopyrimidine, xanthine re- 
sults. 


NH— CO 

! 1 

CO CNHo 

NH— CNH2 


HCt)OH 


NH— CO 

! I 

-> CO CNHCHO 


NH— CO 

I i 

CO C— NH 

I ■’ V:h 


NH— CNH.. 


NH— C— N 




The utilization of alkylated pyrimidines permits the synthesis of 
alkylated xanthines. 

The method is. therefore, directly applicable for the synthesis of 
various uric acids and xanthine derivatives. I'he replacement of urea by 
thioim'a or guanidine is also possible. The following transfomiations 
demonstmte the utility of this synthetic procedure. 


NH, C ee N 

C\S f'H, 

NHj C®N 
N===C-~NHi 

HS— € C~NF!| 

N C— NHi 


Adenine Synthesis * 

NHt 

r,HsON« I I HNOa 

> IIS— C ( H ► 

1 ! 

N C— NHi 


HCOOH 
► 



N C— N 


HNO, 
► 



HS— C r— NO 


!i 

N C— NHi 

N==C— NHj 

CH C— NH 



Adenine 




Traube, Ann.. 881. 64 (1904). 
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Guanine Synthesis ^ 


NHj COOR 


HN=C + CHa 


CaHftONa 


HN-=C CHj 


HN==C CH 


NH, CsN 


NHa C^N 


NH— C— NHf 


HN=C C— NO 


NH— C— NHa 


I I HCOOH i I 

HN=C C— NHa > HN=C C— NH 

I II I II >« 

NH— C— NHa NH — C— N 

Quftnine 


NHa COOR 


Hypoxanthine Sjmthesis ^ 


I I CaHfiONa i 1 

CS 4- CHa > HS=C CH 


HNO, j I Ha 

> H8=C O-NO > 


NHa CsN 


N C— NHa 


N C— NHa 


I I HCOOH [ HNOa 

HS— C C— NHa > H.S— (’ - NH 4 


N C— N 


N C— NHa 


CH C— NH 

II I >■ 

N C- N 

Hypoxanthine 


Theophylline Synthesis ^ 


CHaNH COOH CHjN CO 


C IlaN CO 


CHaN CO 


CO -f CHa 


HNOa ^ H, ! I 

> ro C— NO ~ ► CO C— NHf 


CHaNH C»N CH3N C— NHa CHjN C— NH3 CH|N C— NHi 

CHjN CO 

HCOOH ! ! 

^ CO C: - NH 

I !' 

CHaN C— N 

Theophylline 


168 Traube, Ber., 33 , 1371 ( 1900 ). Tratil>e, Ann.^ 331 , 64 ( 1904 ). 

Traube, Ber., 33 , 3052 (HKK)). 
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Theobromine Synthesis 

NHi COOH NH—CO NH— CO 


NH — c;o 


1 1 


1 1 

1 1 

1 1 HNOa 

H2 

CO + CH, 


CO CH, -» 

CO CH > 

[ 

c 

p 

1 1 


1 1 

1 il 

! !t 

! ;| 


CHiNH CsN CHiNH C^N CHaN C— NH- CHjN C— NHz 


NH—CO 

CO C— NHa 

CHaN C—NH, 

NH—CO 

! I 

C’O r~NH 

i > 

NH— O-N 


NH — CO 


CO C~NH 

li \ 


CHal 


NH — CO 


j * 

C O NCHa 


CH 


CHaN C— N 

Caffeine Synthesis ^ ® ^ 

NH — C'O 


CH 


lira 


'• I 

('O C'~NH 


CH 


"> ! 


CHal 




CBr 


! 'i / 

CHaN C— N 

I'heobroniiue 


CHaN CO 

! ’ 

CO C— NCHa 

1 I ' 

/XBr 





C’HsN C'— N 


CHsN - ( - N 
C'afTeiiie 


In 1906 Isay'*’*’ carried out the first complete synthesis of purine 
itself by starting with 5-nit rouracil. The method employed is outlined 
below. 


NH— CH 


N===(H 


i li POCl, i i NH, 1 

CO C’— NO2 > CIC C— NO2 > cic 

II 1! !i " 


NH—CO 


N- 


-C-Cl 


=CH 

1 

C— NO2 

'i II 

N C— NH2 


N^==CH 


N= 


CH 


I I HCOOH I i 

CH C— NH2 > CH C— NH 

I II p \ 

>CH 


-C— NH2 


N- 


-C— N 


Another method of preparing 2,fWioxypurines was described by 
Johns’®® in 1909. 6-Amino-2-oxypyrimidines are nitrated and the re- 

“•Traube. Bur.. 8S. 3047 <1900). 

Traut*. Ber.. 88. 1371. 3035 (1900). 

Imy. Brr., 88. 260 (1906). 

‘•John*. Am. Chtm. J., *1. 68 (1909); 48, 79 (1911). 
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suiting nitropyrimidines are then reduced to 2-oxy-5,6-diammopyrimid- 
ines. Upon heating these with urea, purines are obtained easily. 


N=C— NH2 N=C— NH2 

I I HNOs 1 I H 2 

CO CH ^ CO C— NO2 

NH— (!^R NH— (IIjR 


N=C--NH 2 N=C— NH 

1 I Urea I | 

CO C— NH2 — > CO c— 
NH— (!r NH— IjR 



Among other reactions of the halogenated purines Fischer investi- 
gated their behavior with metallic hydrosulfides. By this means he was 
able to obtain thiopurines. The most interesting of these sulfur 
purines are the 8-thio derivatives, since they may be readily converted 
to the corresponding xanthines by oxidation. ^ ^ Accordingly a number 
of procedures have been developed for their preparation, namely: 

1. The heating of potassium urate or 5,6-diamino-2,4-dioxypyrimid- 
ine with carbon disulfide. ^ 

2. The conversion of cyanouramil into pseudothiouric acid with am- 
monium sulfide and finally to thiouric acid. ^ 

3. The interaction of 8-halogenated purines with potassium hydro- 
sulfide. 

4. The reaction of uramil with isothiocyanates ^ ^ to form 9-8ub- 
stituted-8-thiolisoxanthines. 


1 . NH- 

—CO 



NH 

-CO 

1 

1 


CS2 

1 

1 

CO 

CNH2 


> 

CO 

C— NH 

1 

1 



1 

II 

NH— 

— CNH2 



NH 

-C— N^ 

2 . NH— 

—CO 

I 

NH- 

— CO 

1 

NH 

-CO 

1 

1 H2S 

1 

1 

1 

1 

CO 

CHNHCN > 

CO 

CH-NH-USNH2 -> 

CO 

C— NH 

1 


1 

1 


1 

NH— 

—CO 

NH- 

—CO 

NH 

-c— n'^ 

3 . NH— 

—CO 



NH 

-CO 

1 

1 


KSH 

1 

1 

CO 

C— NH 


> 

CO 

C— NH 

1 

1 



1 

1 

NH— 

— C— N 



NH 

C— N 


170 Fischer, Ber., 31 , 431 (1898). 

171 Fischer and Tiillner, Ber., 35 , 2563 (1902); Fischer, Ber., 32 , 486, (1899); Boehringer 
& Son, Ger. pat., 143, 725; \Chem. Zentr., (II), 464 (1903)]. 

172 Boehringer & Sons, (ier. pat., 128,117; [Chem. Zentr., (I), 648 (1902)]; Ger. pat., 
142,468; [Chem. Zentr., (II), 80 (1903)]. 

175 Fischer and Tiillner, Ber., 36 , 2563 (1902). 

17^ Fischer, Ber., 31 , 445 (1898). 

176 Biltz and Strufe, Ann., 423 , 200 (1921). 
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4. NH CO 

1 1 

NH— 

—CO 

NH- 

—CO 

1 

1 

RNC8 1 

1 

1 

1 

CO 

CHNH, 

1 

> CO 

CH-NH~CSNHR 

- CO 

C— N 

1 ^CSH 
— C— NR 

NH— 

—CO 

NH— 

—CO 

NH— 


These thiopurines may be converted into the corresponding xanthines 
by treatment with nitrous acid, or as Biltz has demonstrated they 
may be reacted with sodium bicarbonate and iodine ^ ^ ^ to form 8-iodo- 
xanthines, which upon reduction with hydriodic acid yield the corre- 
sponding xanthine or isoxanthine derivatives. 

Although xanthine is one of the earliest known purines, it is probably 
the most difficult one to prepare in quantity. As early as 1864 Streck- 
er ^ reported the reduction of uric acid with sodium amalgam to form 
xanthine, but later investigators were unable to corroborate his find- 
ings. The later syntheses of this base by Fischer and Traube, 
though confirming the constitution, can hardly be described as practical 
methods of preparation. In 1897 Sundwik^"*^ reported the conversion 
of uric acid into xanthine by heating with formic acid. In 1928 Biltz 
made a careful study of this reaction and developed a technique for ob- 
taining xanthine from uric acid in satisfactory yields. 

The first reported synthesis of purines from imidazoles was pub- 
lished by Sarasin and Wegmann'^^ in 1924. They used as their start- 
ing material dimethyloxamide which reacts with phosphorus pentachlor- 
ide to yield l-methyl-5-chloroimidazole. Their synthesis of heteroxan- 
thine is expressed below. 


Cl-C— NCH 

L-n>' 

NHj-CO 

(!:— NCHa 
'^CH 


:CH > 


Cl-C— NCH, 


KCN 


NC-C NCH, 


NO2 
NH 2 -CO 


NO; 




CH 


-N 


NO2- 


-/ 


C— NCHa 
CH 


NH 


i- 




NH CO 

CO(OEt)2 


-> CO 
NH- 


C- 


NCHa 

^CH 

~N 


Ileteroxanthine 


The direct alkylation of uric acid has been shown to yield a variety of 
different alkyl derivatives depending upon the reagent employed and 

Biltz, Ann., 426 , 237 (1922); Biltz and Beck, J. prakt. Chem., [2] 118 , 149 (1928). 
Strecker, Ann., 131 , 119 (1864). 

”8 Fischer, Ber., 17 , 329 (1884). 

Sundwik, Z. physiol. Chem., 23 , 476 (1897); 26 , 131 (1899); 76 , 486 (1911) 

*8® Biltz and Beck, J. prakt. Chem., [2] 118 , 166 (1928). 

^8^ Sarasin and Wogmann, Heh. Chim. Acta, 7 , 713 (1924); Wallach, Ann., 214 , 257 
(1882). 
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physical conditions under which the alkylation is conducted. Fischer ^ ^ ^ 
and Biltz^®^ have both studied very carefully the alkylation of the uric 
acids, and the reader is referred to their investigations for detailed in- 
formation in this field. However, a brief survey of their findings is in- 
cluded to give at least a general idea of the reaction. 

Biltz and Hermann demonstrated that the decreasing acidity of the 
hydrogen atoms in uric acid was in the order of positions 3, 9, 1, 7. 
They further showed that hydrogen atoms occupying positions 1 and 7 
were so weakly acidic that uric acid behaved as a dibasic acid. It is ap- 
parent, therefore, that when metallic salts are produced the metal first 
replaces the hydrogen in position 3 and then the one in position 9. 
Subsequent treatment with alkyl halides simply replaces the metal by 
alkyl, hence uric acids alkylated in positions 3 and 9 result. Alkyl- 
ation of the lead salts of the following uric acids with methyl iodide illus- 
trates this principle. 


Lead Salt 
Uric acid 
7-Methyluric acid 

7.9- DimetbylurK acid 
3-Methyluric acid 
1,3-Diinethyluric acid 

3,7-Dimethyluric acid 

3.9- Dimethyluric acid 


Acid Produced 
3-Methyluric acid 

3,7-Dimethyluric acid 

3.7.9- Trimethyluric acid 

3.9- DimcthyIuric acid 

1.3.9- Trimethyluric acid 

3.7.9- Trimcthyluric acid 

3.9- l)imethyluric acid 


When the dry potassium salts were allowed to interact with dimethyl 
sulfate similar results were obtained. On the other hand when dimethyl 
sulfate was allowed to react upon the acids dissolved in acjueous alkali 


the results were entirely different, 
atoms in positions 1 and 7 were 
sented as shown below : 

Alkali Salt 

3,7-Dimethyluric acid 

7.9- Dimethyluric acid 

3.9- Dimethyluric acid 


In this case t he less acidic hydrogen 
replaced. These changes are rt^pre- 

Acid Produced 

1 ,3,7-Trimethyluric acid 

1 .7. 9- Trimethyl uric acid 

1 .3.7.9- Tetramethyluric acid. 


Methyl iodide in the presence of alkali behaved similarly, although several 
exceptions were noted. 

Diazomethane was found to be without action u[X)n all uric acids 
substituted in both positions 3 and 9. It fail<‘d to react with 3,9- 
dimethyluric acid, 1,3,9-trimethyluric acid, and 3,7,9-trimethyluric 
acid. Uric acids not alkylated in position 9 are converted into 1,3,7- 

*** Fischer, Ber., 32 , 461 (189t)). 

Biltz and Max, Brr., 53 , 2327 (1920); Biltz and Herrmann, Ber.^ 54 , 1676 (1921). 
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trimethyl-8-methoxy xanthine upon treatment with this reagent. Thus 
uric acid and the 1,3-, 1,7-, 3,7-, and 1,3,7-methylated acids yielded 
l,3,7-trimethyl-8-methoxyxanthine in every case. 

Biltz also demonstrated that all purine derivatives alkylated in posi- 
tion 9 but with position 3 unoccupied were transformed into 1,7,9- 
trimethyl-6,8-dioxy-2-methoxypurine. The 9-, 1,9-, 7,9-, and 1,7,9- 
methylated acids behaved in this manner. 

Another method of alkylation that has been employed is the action of 
formaldehyde upon uric acid to form the 7-hydroxymethyl derivative. 
This can be subsequently reduced to a 7-methyluric acid. ^ 


NH— CO 


NH— CO 


NH— CO 


CO (;— NH CO (’— NCH 2 OH — > CO C— NCHs 

Vo ' 


NH- 


C— NH 


> 

NH— C— NH 


1 ’ ii 

NH-C— NH 


X) 


Inasmuch as Various alkyluric acids may be directly synthesized 
by the Fischer method and the resulting alkyluric acids as well as uric 
acid itself may l)e further alkylatnl in accordance with the abo\'e prin- 
ciple's, we are now' able to prepart' all the methyluric acids theoretically 
poasible. 

The dirt'ct action of alkylating agents upon the xanthines has at- 
tracted the attention of numerous investigators. We are indebted to 
Biltz, however, for making a critical survey of the work in this field. 
As a result of liis investigations, it at once became apparent that the 
order of decn'asing acidity of the hydrogen atoms in xanthine replace- 
able by alkyl groups Is 3,7,1. Thus 1-methylxanthine will alkylate to 
form 1 ,3-diinethylxanthine and finally 1 ,3,7-trimethylxanthine. In 
similar manner 3-methylxanthine first yields 3,7-dimethylxanthine and 
ultimately l,3,7-trimethyl.\anthine. The diix'ct alkylation of xantliine 
or its salts with alkyl halides is very difficult and impractical. The 
alkylxanthines or their halogen derivatives, however, alkylate further 
with cfise when alkyl halide's are employed. 

Dimethyl sulfate very readily and completely converts xanthine or its 
salts into caffeine. The action of diazornethane wfis found to l>e exci'ed- 
ingly slow. Complete alkylation to caffeine finally resulted, however, 
when this reagent was employed. 

Fischar and Ach, Ber., St, 250 (1899); Bill* and Herrmann, Ber., 64, 1(393 (1921). 

Bilti and Beck. J. prtjtl. Chem. [2] 118, 198 (1928). 
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OXIDATION OF PYRIMIDINES AND PURINES 

The course of the oxidation of both pyrimidines and purines depends 
to a large extent on the pH of the medium in which the reaction is carried 
out. Since this factor exerts such a great influence on the type of prod- 
uct obtained, the oxidation processes have been classified as those occur- 
ring in (a) alkaline solution and (h) acid solution. 


Alkaline Oxidation of Pyrimidines 


Hydrolytic Oxidation. The majority of the oxidizing agents used in 
alkaline solution bring about not only oxidation, but also cleavage of the 
pyrimidine ring with the formation of urea or substituted urcjis. Alka- 
line permanganates, for example, oxidize thymine to urea, and 
cytosine to biuret, reactions which were used by Kossel and Steudel 
to prove the structure of thymine and cytosine. By oxidation of 
6-methyluracil* (I) with alkaline p(‘rrnanganat(% Behrend obtained 
acetylurea and oxalic acid if the n^action took j)lac(‘ in th(' cold, but oxal- 
uric acid (VII) and acetic acid if the oxidizing mixture was heated. ^ ^ 8® 

Behrend postulated*®'^ that the primary product of the oxidation of fi- 
methyluracil was the glycol (II) formed by the addition of two hydroxyl 
groups to the double bond in positions 5 and 6. Bohrend’s conception 
of the mechanism of the entire oxidation process is r<‘present(*d below. 


HN CO 


HN CO 


IIN CO 


CO CH 


HO-OH 


CO 

fli— 


^OH 


\OH 
I /OH 
C< 
^CH, 


-> CO c< 


/H 


— IIoO 


-> CO 


CO con 


no-OH 



1 i ''GH 

1 ! /OH 

HN 0( 

II ^CH, 

! 1 

HN CCH 

HN CCH, 

I 

III 

HN CO 

HN CO 

HN CO 


O 


HN C(OH)COCH, 

IV I "Olia V 

^ CH3CONHCONH2 

CHsCONHCONHCOCOOH-. -f 

VIII (COOH)* 


+ CHaCOOH 


HN CO 

"! 

NH2CONHCOCOOH 

VII 


Steudel, Z. physiol. Chem.^ 30, 639 ; 32, 241 (liK)l). 

Kossel and Steudel, ibid. 38, 63 (UK)3). 

♦ 4-Methyluracil, according to old nomenclature. 

Behrend and Dietrich, .4nn., 309, 2(12 (1899). 

Behrend and GrUnewald, Ann., 323, 180 (11K)2). 
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The evidence for this formulation of the process is based on the follow- 
ing facts. The oxymethyluracil (III) was isolated^ and found to give 
the same oxidation products as the original 4-methyluracil. The tri- 
hydroxy derivative (IV), while not Isolated from the reaction, was 
synthesized by Behrend and Osten^^^ and shown to give on oxidation 
the same products as 6-methyluracil. The concept of parabanic acid 
(VI) as an intermediate product in the formation of oxaluric acid (VII) 
explains the fact that the 3,6-dimethyl- and the 1,6-dimethyluracils 
gave the same l-methyloxaluric acid on oxidation. Moreov'er, the 
oxidation of 1,3,6-trimethyluracil yielded products in accordance with 
the scheme. ^ ^ ^ 

A scries of urea derivatives similar to those resulting from oxida- 
tion with permanganates were obtained by Johnson and Flint 
through the action of ozone on uracil and related compounds. For ex- 
ample, fonnylglyoxylurea was obtained from uracil on ozonization, and 
the corresponding acetyl and benzoyl derivatives from 6-methyl- and 
6-phenyluracils, respectively. 

HN CO HN CO 

I I o. i I 

CO CH — > (’O CHO 1R= H, CHs, CoHs] 

I ll I 

HN Cll HN COR 

Although these ozonizations were conducted in acetic acid solution, 
the reactions have been discussed at this point because the products ob- 
tained r(*senible those resulting from alkaline rather than from acid oxi- 
dations. It will be seen that acetic acid functions in the same way in 
the oxidation of purines, exerting an influence similar to that of alkalies, 
but entirely different from that of strong mineral acids. 

Another oxidizing agent which brings alx)ut hydrolysis of the pyrim- 
idine ring is iodine in alkaline solution. Frea has been obtained from 
uracil, 6-methyluracil, cytosine, and thymine by heating their aqueous 
alkaline solutions with iodine. ' 

An alkaline oxidizing agent which is of biological interest because of 
the mildness of the conditions employed consists of the system ferrous 
salts, sodium bicartonate, and oxygen. Pfaltz and Baudisch found 
that when uracil or 6-methyluracil wiis treated with this mixture 


Behrend and Oaten, Amu, S43, 133 (UK)5). 

Behrend and Fricke, Arm., 337, 255 (11)03). 

*** Johnson and Flint, J. Am, Chmu Soc., 53, 1077, 1082 (1931). 
Baaa and Baudisch, 45, 181 (1924). 

Pfalta and Baudisch, ibid., 45, 2972 (1923). 
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oxidation occurred in the cold, followed by hydrolysis with the splitting 
off of urea upon warming. When thymine was subjected to the same 
catalytic oxidation, acetol and pyruvic acid were isolated in addition to 
urea. 

Coupling Oxidation. Oxidation reactions which involve the union of 
pyrimidine molecules rather than the hydrolysis of the ring have been 
brought about by potassium ferri cyanide in alkaline solution. When 
isobarbituric acid, for example, is treated with this reagent, a colored 
dicyclic compound, 6,6'-diisobarbituric acid, is obtained. Oxida- 
tion of 5-aminouracil in a similar way yields another unique colored 
product, the tricyclic diuracil-pyridazine. ^ 

Acid Oxidation of Pyrimidines 

Though the pyrimidine molecule has been shown to be extremely 
susceptible to decomposition in alkaline media, it is remarkably stable 
in acid solutions. Uracil, for example, is unchanged by the action of 
cold fuming sulfuric acid, the reagent used in the Davidson and Baudisch 
method of preparing this pyrimidine. Accordingly, when pyrimid- 
ines are affected by acidic oxidants, there is usually no resultant hydrol- 
ysis of the ring, but merely an addition of oxygen or oxygen-containing 
radicals to the double bond in positions 5 atid 6. 

Bromine water is an acidic oxidant of this type which bringvS about 
the addition of hypobromous acid to 2,4-<]ioxypyrimidines. Thymine, 
for example, yields 5-bromo-6-oxyhydrothymine on contact with bro- 
mine. With uracil and derivatives having no substituent in position 

HN CO 

CO CCHa 

|! 

li 

HN CH 

5, the addition of hypobromous acid is accompanied by the substitu- 
tion of a bromine atom in position 5, giving dibrtimodxyhydrour- 

acils.iQ^'^oo 



Davidson and liaudisoh, J. Bwl Chern,, 64 . 620 (1925). 
UaudiHch and Davidson, ihui., 71, 498 (1927). 

David8<jn and liaudisch. J. Am, Chfm, ,S’w., 46 . 2879 (1926). 
Jones, Z. phi/.Hwl. Chew,, 29 , 20 (19(K)). 

Behrend, A nn., 229 , 18 (1885). 

^ Wheeler and JohiijKjn, J. BioL Chenu, 3, 187 (1907). 
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HN CO 

CO CH 
HN CH 


HN CO 


H2O 


CO C 


HN- 




< 


Br 

OH 

H 


These reactions with bromine water are the basis of the Wheeler and 
Johnson color test^*^^^ for uracil and cytosine, and the Johnson and 
Harkins test^®^ for thymine and 5-methylcytosine. The fonner con- 
sists in the transformation of uracil or cytosine into dibromooxyhy- 
drouracil and the conversion of this product into the purple barium salt 
of dialuric acid by hydrolysis with barium hydroxide. The bromooxy- 
hydrothymine, obtained from either thymine or 5-methylcytosine and 
bromine water, does not give dialuric acid by hydrolysis with barium 
hydroxide, but is decomposed into urea, acetol, and pyruvic acid which 
may l>e separated and identified by the method of Johnson and Baud- 
isch.^^^ This procedure, therefore, furnishes a convenient way of 
dLstinguLshing thymine and 5-methylcytosine from uracil and cytosine. 

The oxidizing action of nitric acid on pyrimidines varies with the type 
of pyrimidine used. Addition of oxy and nitro grou|)s to the double 
bond in positions 5 and 6 is the reaction which takes place with 2,4- 
dioxy pyrimidines having substituents in position 5. i Th>inine, 
for example, when treated with concentrated nitric acid, yields 6-oxy-5- 
nitrohydroth^miine, which exists in two stereoisomeric forms. Nitric 
acid reacts here in the form H()-N()2 or in a manner similar to HO *01 
which adds at the double bond in the p>Timidine cycle. 


HN CX) 

CO CCH3 
HN CH 


HN CO 


HO NO2 


CO C< 


HN C 


/CH3 

'^NOa 

/H 

\)H 


Uracil, on the other hand, and derivatives of uracil having no substi- 
tuent in position 5 react with fuming nitric acid to form 5-nitro deriva- 
tives. 


Harkins and Johnson, J. /iw. Chem. Soc., 51, 1237 (1929). 
Johnson and Baudiscih, ibid., 43 , 2672, 2673 (1921). 

»»» Johnson, Am. Chem. J., 40. 21 (1908). 

*** Johnson and Clapp, J. Biol. Cftem., 6, 53 (11KJ8). 
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This difference in the reaction of uracil and thymine toward nitric acid 
was utilized by Johnson as the basis of a convenient method of separat- 
ing these two p3Timidines. ^ ^ ^ 


Alkaline Oxidation of Purines 


The most characteristic product of the alkaline oxidation of uric 
acid is allantoin, which was first obtained by Wohler and Liebig 
through the use of lead peroxide in boiling water. Many other oxidiz- 
ing agents, such as potassium permanganate, hydrogen 
peroxide, 2 1 0, 2 1 1 presence of catalysts, 212,213 potassium 

persulfate, ^ ^ ® and nitrous acid,-^® also give allantoin in alkaline media. 
Biltz has shown-® ^ that the designation “alkaline^^ should include not 
only strictly basic, but also neutral or weakly acid, media, all of which 
give markedly different products from strongly acid solutions. 

A mechanism to explain the oxidation of uric acid to allantoin w^as 
first suggested by Behrend.^®® Behrend assumed that the initial 
stage in the oxidation of uric acid, like that of 6 -methyluracil, consisted 
in the formation of the glycol (I), which was then transfonned by 
hydrolysis and ring closure into glycoluriloxycarbonic acid (II). Sub- 
sequent hydrolysis of the latter substance would give allantoin (III). 


HN — CO 


CO 

HN 


<L-NH ^ CO 

I J > 

S[ — C— NH 


COOH 

HN — CO HN — 

OH 
NH 
^CO 


CO 


HN — C NH 

\ 

OH 
I 


NH HN — CH — NH 


CO 


CO CO 
HN — C --NH HN -CO NH, 
III 


OH 

II 


This mechanism accounts for the products obtained by Fischer and 
Ach^ upon oxidation of certain methylat(?d uric acids. Both 1 -methyl- 
and 7 -methyluric acids were found to give 3 -methylallantoin, while 

Johnson, ihid., 4 , 407 (1908). 

Wohler and Liebig, Ann., 26 , 285 (1838). 

Claus, Ber., 7 , 227 (1874). 

2“ Behrend, Ann., 333. 140 (1904). 

Biltz and Schauder, J. prakt. Chem., [2) 106 , 114, 11,'>, 122, 123 (1023). 

Venable, J. Am. Chem. Hoc., 40 , 1099 (1918). 

W^ieland and Macrae, Z. physiol. Chem., 203 , 83 (1931). 

*** Fr^rejacque, Compt. rend., 193 , 860 (1931). 

Piaux, ilnd., 178 , 782 (1924). 

Fischer and Ach, Ber., 32 , 2723 (1899). 
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both 3-methyl- and 9-methyluric acids yielded 1-methylallantoin. 
These results are explained by the symmetry of the glycolurilcarbonic 
acid (II), which would give only two monomethyl derivatives and con- 
sequently only two monomethylallantoins on hydrolysis. 

Allantoin is not, however, the sole product of the alkaline oxidation of 
uric acid. Three other substances frequently obtained are uroxanic 
acid,^^® oxonic acid,^^® and oxaluric acid.^®^ A summary of the con- 
ditions which lead to the formation of each of these products has been 
given by Biltz and Schiemann.- ^ ' When uric acid is oxidized in alka- 
line solution the resulting liquor gives (a) allantoin, if acidified with 
acetic acid and evaporated, (b) the potassium salt of uroxanic acid if 
evaporated with strong alkali, (c) the acid potiissium salt of oxonic acid 
if acidified with acetic acid and allowed to stand, and (d) the potassium 
salt of oxaluric acid if oxidized further in acetic acid solution. 

Behrend showed that the formation of uroxonic acid as well as of 
allantoin could l)e explained by the assumption that the glycoluriloxy- 
carbonic acid was capable of hydrolysis in two ways. Behrends 
postulations, extended by Biltz* to include also an explanation of the 
production of oxonic and oxaluric acids, are shown below. 


HN— 

1 

(X) 

I 

HN- 


COOH 

I 

C— NH 

I 

C'O 

1 

C— NH 

I 

OH 


COOH 

1 

NH 2 CONH— NHCONH 2 


COOH 

Uroxanic acid 


HN— CHOH 

I 

CO 


HN— CO 

I 

CO 


HN— C (0H)NHC0NH2 HN— CHNHCONHo 

Allantoin 


HN- 

I 

CO 

1 

HN— 


CH— NH HN— C-=NC0NH2 

I I 

CO CO 

i I 

C NH HN— CO 

I 

OH 


hn-c=ncooh 

I 

► CO 

I , 

HN— CO 
Oxonic acid 


*>» Bilti and Robl, Ber.. 88 . 19.50 (1920). 

«• BilU and RobI, Brr., 88. 1967 (1920). 

BUti and Schiomann, /. prakl. Chem., (2) 118, 77 (1926). 
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OH 

HN— C— NH 


CO 


CO 


HN— C— NH 
OH 


NH 2 CONH 2 

+ 

NH 2 CONHCOCOOH 

Oxaluric acid 


Two additional end products, carbonylbiurea and cyanuric acid, 
are obtained ^ is by alkaline oxidation of uric acid, particularly when 
hydrogen peroxide is the oxidizing agent. The former is believed to be 
formed from the original glycoluriloxycarbonic acid; the latter may be a 
secondary product formed by further decomposition of the carlx)nylbi- 
urea of allantoin. ^ 1 ^ jt is of interest to note that oxidation experiments 
with hydrogen peroxide carried out under physiological conditions (at a 
pH of 8.0 and a temperatiu-e of 37°) yielded a similar se'ries of products 
as experiments at a higher alkalinity and temperature: namely, allan- 
toin, carbonylbiurea, cyanuric acid, urea, oxalic acid, and ammonia.^* * 
The conception of the glycoluriloxycarlx)nic acid as the precursor of 
these various oxidation products has been recently substantiated by the 
isolation of a silver salt of this compound by oxidation of uric acid with 
cold alkaline permanganate. ^ This salt, on hydrolysis, yields allan- 
toin and uroxanic acid. The original postulations of Behrend and of 
Biltz which represented uric acid glycol as the initial product formed by 
the attack of alkaline oxidizing agents on uric acid hav(> been modified 
by evidence gained from studies of the glycol. This substance, synthe- 
sized by Biltz and Heyn^-^ from alloxan and urea, yields on alkaline 
hydrolysis no allantoin or any of the other products characteristic of the 
oxidation of uric acid.^^'^’ Hence Biltz has concluded that the 
glycoluriloxycarbonic acid, rather than the uric acid glycol, is the pri- 
mary intermediate product. 


Acid Oxidation of Purines 

The chief products of the oxidation of uric acid in an acid medium 
are alloxan and urea. Alloxan was first obtained by Brugnatelli^^^ 

Schittenhelm and Warnat, 7., physiol. Chem., 171 , 174 (1927). 

Schuler and Reindcl, ilrid., 208 , 251 (1932). 

220 Biltz and Heyn, Ber., 45 , 1677 (1912); 47 . 459 (1914). 

22* Behrend and Zieger, Ann., 410 , 338 (1915). 

222 Biltz and Heyn, Ann., 413 , 56 (1916). 

222 Biltz and Max, Ber., 54 , 2457 (1921). 

22* Brugnatelli, PhU. Mag., 52 , 30 (1818) ; Ann. chim. phys., 8 , 201 (1817). 



PYRIMIDINES, PURINES, NUCLEIC ACIDS 


987 


through the treatment of uric acid with nitric acid or chlorine water. 
Evidence aa to the structure of alloxan and its relation to other ureides 
was furnished by the monumental researches of Wohler and Liebig on the 
oxidation of uric acid.^^® 

This transformation of uric acid to alloxan and urea was later used by 
Fischer in the determination of the structure of various naturally 
occurring purines. For example, the oxidation of caffeine to dimethyl- 
alloxan and monomethylurea by chlorine water gave infonnation as to 
the position of the methyl groups in caffeine. 

CH 3 N — CO CH 3 N CO CH 3 NH 

II II I 

CO C— NCH;, CO CO + CO 

II II 

CH 3 N C— N CH 3 N CO NH 2 

The mechanism of the acid oxidation of uric acid to alloxan, like that 
of the alkaline oxidation to allantoin, was originally thought to involve 
the initial formation of uric acid glycol. This hypothesis was based on 
Biltz^s discovery that a sul)stance isolated by FLscher--^' from the oxida- 
tion of 7,9-dimethyluric acid wa.s identical with the glycol of 7,9-dimc- 
thyluric acid obtained by synthesis, Similarly, the glycol of 1,3- 
dimethyluric acid obtained by oxidation of theophylline was identical 
uith the synthetic product prepared from dirnethylalloxan and urea.--® 

But further investigations of the purine glycols showed that they did 
not give alloxan or its derivatives on decom|x>sition. Unsubstituted 
uric acid glycol, for example, could not be converted into alloxan.--'*^ 
Moreover, 9-methyluric acid glycol on hydrolysis gave not monome- 
thylurea, but unsutetituted urea,-^^'* showing that the pyrimidine, and 
not the glyoxalone ring wjis split. Since uric acid derivatives are known 
to yield alloxan derivatives through acid oxidation, the assumption that 
the glycols are intennediate products in all such processes is open to 
question. 

An alternative mechanism has been suggested by Biltz and 
Schauder^^® on the basis of their experience with pseudouric acids. 
When uric acid is chlorinated in a solution of acetic acid containing 
one mole of water, S-chloropseudouric acid is obtained, which in the 
presence of more water is changed at once to 5 -oxypseudouric acid. 

Fierher, Ann., S15. 257 (1882). 

»*« Fischer, Ber., 17. 1780 (1884). 

^ Biltjt, Ber., 43 , 1513 (1910). 

Bill* and Strufe, Ann., 404 , 131 (1914). 

»BiItB and Heyn, Bcr., 45 . 1677 (1912). 
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The latter substance can be rapidly hydrolyzed to alloxan and urea by 
warming its aqueous solution. The formation of alloxan by the oxida- 
tion of uric acid with chlorine water is, therefore, assumed to proceed 
through 5-chloropseudouric acid and 5-oxypseudouric acid. 

-CO 

\NHc0NH2 ^ 

CO 


HN 

-CO 


HN 


1 

H2O 


CO 

C— NH 
^0 

- > 

Cl, 

C( 

HN 

-C— NH 


HN 



HN CO 

I I 

CO CO + H 2 NCONH 2 

I 1 

HN CO 


In addition to alloxan, parabanic acid is frequently obtained by 
energetic oxidation of uric acid in acid media. Since alloxan can be 
changed to parabanic acid by oxidation, the fonnation of the latter sub- 
stance is thought to be due to a secondary reaction of the oxidant on the 
alloxan. 

Two other products resulting from tne oxidation of uric acid are of 
historical and practical importance, namely, alloxantine and murexide. 
Alloxantine was obtained by Wcihler and Liebig when dilute, rather 
than concentrated, nitric acid was used to oxidize uric acid. The con- 
stitution of this pyrimidine is still unsetth'd. Various formulas which 
have been proposed to represent its structure follow. 


Constitutional Formulas Proposed for Alloxantine 


NH- 

-CO 

CO- 

-NH 

NH- 

-CO CO— NH 

1 

OH 



HO 

CO 


- 7 - 

CO 

€0 

CH— O^C CO 


HO 




NH- 

-CO 

CO- 

-NH 

NH- 

-CO CO— NH 


Pinacone Formula Hemi-Aretal Formula 

(Slimmer and Stiegliie) 


The Alloxantine Question: Behrend and FriederichB, Ann., 344 , 1 (11)06); Sdilenk 
and Thai, Ber., 46, 2840 (1913); lietinger, J. Am. Chem. Soc., 89, 10f>9 (1917); Biibnan 
and Bentzon, Ber., 61, 622 (1918); Bilu and Pactaold, Ann., 488, 64 (1023); Hontiodb* 
84, 1271 (1921); Michaelie. Chem. Rev., 16. 243 (1035). * 
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(Richter) 
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Quinhydrone Formula 
(WiUstatter) 


NH— CO CO— NH 



HO 
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Hemi-Acetal Formula 
(Piioty) 


CO— NH 

NH— CO 1 j 
I HO— C CO 

1 / II 

CO CO jl 
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! HO— (' NH 


NH— CO 

Plydrafe FormuJa 
(Biltz) 


NH— CO CO— NH 

II II 

CO C(OH)— (HO)C CO 


NH— CO CO— NH 


Tri valent Carbon 
Fomnila 
(Hantzsch) 


Liieraiurt references. 

Pinacone form ula : 

Hantzsch, Her., 54, 1267 (1921); Retinger, J. Am. Chem. Soc., 39, 1059 (1917). 
Hydrate formula : 

BUtz, Ann., 433, (V4 (1923). 

Hemi-Acetal form ula : 

Slimmer and Stieglitz, Am. Chem. J., 31, 661 (1904); Piioty, Ann., 333, 62 (1904). 
Quinkydrone form ula : 

WmstHtter ami PiccanI, Her., 41, 14(>4 (1908): Abderhalden, Bioohemische 
Handiexikon," Spring<»r, Bt'rlin (1911), Vol. IV, p. 1163. 

Oxonium formula : 

Richter, Ber., 44, 2155 (1911); Biilmann and Bontzon, Ber., 61, 522 (1918). 


Murexide was discovered by Prout,-'^^ who observed that the solu- 
tion obtained by oxidizing uric acid with nitric acid became deep violet 
when treated with ammonia. The colored substance, called murexide, 
ia thought to be an ammonium salt of purpuric acid, and is used as a color 
test for me acid and related purines. The various formulas which 

J%»7. Trans., 420 (1818). 

*•* («) Wiedker, Her., 30, 2236 (1897), (5) The Murexide Question: Wohler and Liebig, 
dim., it. Sit (1838): Btrecker, Ann., ISS, 363 (1862); BeiUte«in. Ann., 107 , 176 (1858); 
Mfttigaoii, Am, chim. phys., [6] 18 . 289 (1893); HarUey, /. Chem, Soc., 87 , 1791 (1905); 
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have been proposed to represent the structure of murexide are shown 
below. 

Constitutional Formulas Proposed for 
Purpuric Acid and Murexide 
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Literature references. 

Purpuric acid: 

Meyer and Jacobson, ‘‘ I^hrbuch der orKanischen Chemie," deOrut^er, Berlin 
and I^ipzifr (1920), Vol. II, part. 3, p. 1217. 

Bemthsen, “ Kurzen I^ehrbuch der organischen Chemie,” Vieweir und Sohn. 

Braunschweig (1924), p. 337. 

Liebig and Wohler, Ann., 2$, 319 (1838). 


Piloty, Ann., 333, 22 (UK)4); Mohlau, Ber., 37, 2(V8G (1904); Slimmer and SHaglitSt 
Am. Chem. J.. 31, 061 (1904), Truulie, Bfr., 44, 3145 (1911); Piloty and Finekh, Ann., 
338, 41 (1904); Tcchow, Bcr., 27. 3083 (1894); Biltz and Darnm. B^r., 48, 3373 (1312); 
46, 8668 (1913); Hartman and Sheppard, “Organic- Synthesea.’* John Wiley A Ntir 
York City (1932), Vol. 12, p. 84 ; Kuhn and Lyman, Ber., 69, 1547 (1936); Dayidinn Wld 
Epetein, J. Org. Chem., 1, 305 (1936); Davidaon, J. Am. Chem. Soc., 68, 1821 (1936), 
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Fritzsche, Ann., 32, 316 (1839). 

Beitetein, Ann., 107, 176 (1868). 

Gregory, Ann., 83, 334 (1840). 

Slimmer and Stieglitz, Am. Ctiem. 31, 661 (1904). 

Murexide: 

MOhlau and Litter, J. jtrakt. Chem.y [2], 78, 449 (1906); JSer., 37, 2686 (1904). 
Matignon, Ann. chim., [31 28, 347 (1893). 

Slimmer and Stieglitz, Am. Chem. 7., 31, 661 (1904). 

Piloty. Ann., 833, 53 (1904). 

Abdernalden, “ Biochemische Handlexikon,” 8f)ringer, Berlin (1911), Vol. IV, 

p. 1166 . 


Reference has already Ix^en made to the fact that the purine glycols 
do not yield the same hydrolytic products as are obtained by oxidation 
and hydrolysis of the purines. Yet becau.se of the close structural rela- 
tionship bc?tween the purine glycols and th(‘ purines, a summary of the 
unusual decomposition products of the glycols is included in thi.s surv ey. 
A series of investigations initiated by fYscher and (^xtcaided by Biltz and 
his collaborators have demonstrated that the purine glycols are decom- 
posed by alkalies or acids to give (a) caffolides. or (b) spirohydantoins, 
which gives in brief the decomposition of uric acid glycol. 
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In oonelusion, attention Is diri'Cted to the similarity in the behavior 
of the uracil molecule and the pyrimidine nucleus of the uric acid mole- 

Bilti and Hayn, Awn.. 413, 56 (1916). 

*** BilU. Hayii. and Bergiua, Arm., 413, 79 (1916). 
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cule on oxidation. Uracil undergoes hydrolysis of the ring when tiaated 
with alkaline oxidizing agents, but is oxidized at the double hwd in 
positions 5 and 6 without cleavage of the ring by acid oxidizing agents. 
Similarly, when uric acid is oxidized in alkaline solution, the pyrimidine 
ring is broken and the glyoxaJone allantoin is produced, but when 
oxidized in acid solution, the glyoxalone ring is destroyed and the 
pyrimidine alloxan is obtained. 


REDUCTION AND HYDROGENATION OF PYRIMIDINES AND PtTRINBS* 

The following selections from the chemical literature on the reduction 
and hydrogenation of pyrimidine and purine derivatives may be con- 
sidered as quite thoroughly representative of the subject matter and 
methods of experimentation. Th(» effects of nnlucing agents and 
hydrogenation conditions upon pyrimidine or purine derivatives have 
been divided into two types. The first includi‘S all those reactions which 
affect or alter the linking of the atoms in the nucleus. The second 
includes those reactions wliich replaces by hydrogen an atom directly 
attached to one of the ‘»toms in the nucleus. 

Nuclear Reduction 

Illustrative examples follow of those reductions and hydrogenations 
which affect or alter the linking of the atoms in the nucleus, i.e., reduc- 
tion of double bonds and cleavage of bonds between any two carbon or 
nitrogen and carbon atoms. 

Reductions by Sodium Amalgam, Sodium and Ethyl Alcohol, Hydri- 
odic Acid, Zinc and Acids, etc. K. von Meyer appanuitly first ob- 
served that the pyrimidine nucleus is cl(^av(‘d eitlur by the action of 
sodium amalgam in acid solution or by .sodium and ethyl alcohol. By 
such reactions he found that 2,G-diethyl-4-amino-5-methylpyrimidine 
(V), was reduced to ammonia, propionaldehyde, and a basic oil, Bigin- 
J3lli23 6 reported that the 2-ketotetrahydropyriinidine (\1), when treated 
with sodium amalgam yields the corresponding hexMliydropjrrinxidme 
derivative. Byk^'^ was next to study the cleavage of the pyrimidine 
nucleus by the action of sodium and ethyl alcohol, and he definitely 
demonstrated that 6-methylpyrimidine (VII), reduces to 


♦ As commonly differentiated from reduction, hydrogenation herein rol«rs to ihom 
methods which involve reactions of organic compounds with molecular hythrotgeil. Mid tn 
these cases in the presence of a catalyst. 

236 V. Meyer, J. jtrakt. Chern., [2] 39, 262 (1889). 

Biginelli, Gazz. chim. ItaL, ll] as, 3(i« (1893). 

Byk, Bar., 36 , 1917 (1903). 



PYRIMIDINES, PURINES, NUCLEIC ACIDS 


993 


butane (VIII) and that 2-methylmercaptopyrimidine^'^^ is reduced by 
sodium and ethyl alcohol to 1,3-diaminopropane and methyl thioformate 
presumably proceeding through the hexahydropyrimidine derivative. 
Johnson and Joyce applied this sodium and ethyl alcohol reduction 
technique to six pyrimidines of the 2-mercapto-4-ketopyrimidine type 
and also to 2-thio-4-ketopyTimidinc. In each case an acyclic 1,3- 
diamino compound was formed. 

N ~C(C,H5)=N~C(C2H5)=C(CH;0-C -NH 2 

V 

NH-CO- NH C(CH:0— C(C()0 

VI 


N~CH=-N~(X('H:i)=CH CH NH.CHCCH^CH.CHsNH. 

VII VIII 

Biltz^**^ found that uric acid glycols could not be reduced to uric 
acids, but, with one exception, they could \)e reduced to hydantoins 
by hydriodic acid, as shown in formuljus IX and X. Later-^^ he ob- 
tained 7,9-dimethyluric acid by reduction of dimethyluric acid glycol 
with zinc and acetic acid. 


NH~~(X) 


I I 

CX) (:(()H)N(-H, — ( H ;0 

i 

CX) 

(H--, CH 3 ~)N C(<>H)N(-II, —CHa) 


CII 2 — N(~H, — CH;0 

\ 

(X) 

/ 

CO — X(~H, — CH 3 ) 


IX X 

f 

iSlectroljrtic Reduction. In 1901 Tafel commented on the funda- 
mental imiK)rtance to the chemistry of uric acid and the xantliines of the 
indirect mluction of the ketopurines. which was accomplished by replac- 
ing the oxyg(ui atoms by chlorine and tlum the chlorine by hydrogen. 
He called attention to the olxservation of Strecker* *- that direct reduc- 
tion of uric acid by heating with hydriodic acid resulted in the splitting of 
the purine molecule with the formation of ammonia, carbon dioxide, 
and glyoocoll; and concluded his discussion of the work on uric acid 


Johnson and Joyce, J . Am. Chem. S<k.. 38, 1385 (1916). 
" Johnaon and Joyce, ibid., 38, 1854 (1916). 

*• Bilu and Heyn, Bn.. 48. 1666 (1912). 

Bilu, .4nn., 433. 137 (1923). 

»“ Streokor. Z. Chem., H. 215 (1868). 
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reduction previous to liis own by citing Fischer’s^^^ inability to confirm 
an earlier statement of Strecker ^ that uric acid was reduced by sodium 
smal g ain to xanthine and sarkine (hypoxanthine). TafeP^s reported 
the direct reduction, electrolytically, with lead cathode in sulfuric acid 
solution, of uric acid (XI) to purone (XII). If the temperature of the 
reduction is not kept low (5-8°), isopurone is also formed. Purone, 
itself, when warmed in alkaline or alcoholic sulfuric acid solution under- 
goes isomerization to isopurone, to which TafeP^® assigned structure 


NH- 

1 

—CO 

1 

1 

CO 

( 

NH 

\ 

NH- 

— c 

/ 

NH 


XI 


NH CH 2 

1 I 

CO CH— NH 

^CO 

NH CH— 

XII 


NH 

I 

CO 

NH- 


-CH 2 

I 

C— NH 

II >> 

-CH NH 2 
XIII 


XIII. If the rediid^ion is carried out slowly and in a high concentration 
of sulfuric acid, a tetrahydrouric acid is also formed. Structures XIV 

NH CHo NH CH 2 

I ! i ! 


CO 

CH— NH 

CO 

t'H— NH 


1 > 

! 


>c.> 

NH— 

— ('0 NH 2 

NH 2 

CO— NH 


XIV XV 


or XV were assigned - to this tetrahydrouric acid, primarily because it 
gives a,/3-diaminopropionic acid on hydrolysis with barium hydroxide. 
Several methyluric acids give methylpurones-**^ on similar electrolytic 
treatment. 

On electrolytic reduction, 6-niethyluracil (XVI) gives 
6-methylhexahydropyrimidine (XVII) and 1 ,3-diaminobuilne 
(XVIII) 2 4 9. 

NH-CO-NH~C (CH3)=CH~c: 0 NII-CO- N H C lUCHa) CH 2 -CH 2 

XVI XVII 

NH2CH(CH.0CH2CH2NH2 

XVIII 

Fisrhfr, Her., 17. 329 (1884). 

244 Strecker, Ann., 131, 121 (1804). 

246TafeI, litr., 34, 2.58 (UWU). 

24^* Tafel and IIoumMtian, Bfr., 40, 3743 (l‘.H)7). 

247Tafd, Her., 34. 1181 (IIKU). 

24» Tafel. Her., 31^279 (1901). 

Tafel and Weinschenk, Ber,, 88, 3378 (IIKK)). 



PYRIMIDINES, PURINES, NUCLEIC ACIDS 


995 


Catalytic Hydrogenation. Apparently, the first investigators to 
apply catalytic hydrogenation to the pyrimidine series were Levene and 
LaForge. They hydrogenated the nucleoside uridine to dihy- 

drouridine by PaaFs method, using colloidal palladium. Johnson and 
Brown recorded the next observation on pyrimidine hydrogenation. 
They found that with a colloidal palladium or platinum catalyst, the 
5,6-double bond of uracil (XIX) is quite resistant to reduction at 20-25^^, 
but at 75® is reduced to dihydrouracil (XX). Th(‘ reduction of the 
5,6-double bond of l-rnethyl-6-phenyl-3-uracilacr‘tic acid (XXI j and its 
methyl ester could not he accomplished by I^vans and Johnson - using 

kn CO NH C'H=C’H CO XTI-C’O XH-(TI, ( 

XIX XX 

HOOCCIl2N-CO-N(Cll;0-C(CoHo)=C’H-C 

XXI ^ 

a palladium catalyst at 25°. The rate of hydrogenation-**^ of the cyclic 
double bond of carlxdhoxy uracil and 1-methyhiracil i.<« very slow with a 
platinum catalyst at 25°. Folkers and John.son -•'■'* studied the reduc- 
tion witli a platiniuu catalyst of some 2-k(‘to- 1,2,3 , 4-tetrahydropyrim- 
idines (XXII) where R was the phenyl, cyclohexyl, methyl, styryl, or 
phenylethyl group. In all cases, tlie pyrimidine double bond resisted 
hydrogenation, but the 4-aryl grou[)s wt‘re readily hydrogenated. How- 
ever, an isomer of one of tluw pyrimidines (XXIIlj did yield a cyclo- 
hexylhexahydropyrimidine l)y the same techniciue. 

Folkers and Johnson- **‘ re{X)rted the satisfactory hydrogenation over 
a nickel catalyst at the 5,6-<Iouble lx)nd of pyrimidines of structure XXII 
at 175° and under 200 atmosphen‘s pressun\ and later describ(Hl-'*~ the 

^^CO-NH C(rHa)=(^((X)OC2^ 

XXII 


kli CO NT! 

• XXIII 


**** T.<»vone and I.A Forge, ISrr., 49. 019 (1912). 

*»> Uvene. J. Biol, Chrw., 63. 053 (1925). 

Johnson and Brown, /Vor. Xatl. Amd. Set. S., 7, 75 (1921); Brown and Johnson, 
J. Am. Chem, *Soc., 46, 2702 (1923). 

Evans and Johnson, ihid., 63, 5(KK) (1930). 

Hilliert. ihid,, 64. 2078 (1932). 

*** Folkers and Johnson, ihid., 66 . 1140 (1933). 

Folkers and Johnson, ibid., 66 . 28H6 (I9;i:0. # 

Folkers and Johnson, ihid,, 66 , 1180 (1934). 
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hydrogenation of tetrahydropyrimidines to isomeric hexahydropyrimi- 
dines (XXIV), by the use of a copper-barium-chromium oxide catalyst 
under elevated temperatures and pressures. 

NH-CO-NH-CH(CH 3 )-CH(COOC 2 Ha)-CHR 

XXIV 


Miscellaneous Pyrimidine and Purine Reduction Experiments 

Reduction reactions which replace by hydrogen an atom directly at- 
tached to one of the atoms in the pyrimidine or purine nucleus are placed 
in this group. The most outstanding example is the reduction of 
chloropyrimidines and chloropurines to hydrogen derivatives. Such 
reactions are definitely characteristic of the nucleus. Those cases should 
be grouped separately in which the reduction is almost entirely a con- 
sideration of the specific group, as for example, the reduction to uramil of 
nitrobarbituric acid'"'''’^ or alloxan-phenylhydrazone^ by tin and 
hydrochloric acid, or nitrosobarbituric acid-^’'^ by hydrogen iodide to 
5-aminobarbituric acid; and the reduction of 5-nitrouraciF® ^ to 
5-aminouraciI and isobaibituric acid by zinc and acid. 

Reductions by Sodium Amalgam, Hydriodic Acid, Zinc Chloride, 
Zinc and Acids, etc. Pyrimidine (XXVI) is prepared by the action of 
zinc dust and water on 2,4,6-trichloropyrimidine^'®^ (XXV) and 2, 4,5,6- 
tetrachloropyrimidine - ^ (XXVII) . 

N-C(C1)=N-C(C1)=CH-CC1 N<'H=N-CH=CH-CH 

XX\^ XXVI 

n-c(ci)=n-c(ci)=c(ci)-(:x;i 

XXVII 

Wheeler-^^'* observed that 2,4-dichloropyrimidine (XXVIII) is re- 
duced by hydriodic acid and phosphonis to 4-ketopyrimidine (XXIX). 
The more reactive 4-chlorine atom is hydrolyzed, whereas th<‘ 2-chlorine 

n-C(ci)=n-ch==ch^’ci nh^:h=n-ch=(:h-€() 

XXVIII XXIX 

Hartman and Sheppard, “Organic Syntheae*,’’ John Wiley & .Sons. New York City 
(1932). Voi. XII, p. H4. 

2“KiihIing, Ber., 31. 1073 (1898). 

Baeyer, Ann., 127, 223 ( 1803 ). 

Behrend and Kootw-n, Ann., 251, 235 (1889). 

••2 Gabriel, Her., 33. 3007 (1900). ^ 

Emery, Ber., 34, 4180 (llK)l). 
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atom is reduced. 2-Amino-4-chlorop3Timidine (XXX) is reduced 
to 2-aminopyrimidine (XXXI) by zinc dust, but this reagent does 

N-C(NH2)=N-CH=CH-CC1 N-C(NH2)=N-CH=CH-CH 

XXX XXXI 

not reduce the isomeric 2-chloro-4-aminopyrimidine (XXXII). How- 
ever, the pyrimidine XXXII is reduced to the 4-ami nopyrimidine 
(XXXIII) by meaas of hydriodic acid. Obviously, a 2-chlorine atom in 
this series is not reduced by means of zinc. Johason and Joyce 
reported the reduction of 2,4-dichloro-5-cdhoxypj^riinidine by zinc dust 
to 2-chloro-5-c‘thoxypyrimidine. 

Mercaptochloropyrirnidines,-®^ such as represented by structure 
XXXIV, and the corresponding 2-anilino--^'’^' and 2-rnethylamino--^^^ 
derivatives are reduced by zinc dust to the corresponding mercapto- and 


N CNHa 

N= 

1 

==CNH2 

! 

N= 

==CC1 


j 1 

CIC CH 

II I! 

CH 

l| 

CH 

!! 

C2H,vSC 

1! 

C(-H, 

il 

— OC 2 H,,) 

N CH 

XXXII 

N CH 

XXXIII 

N— 

-C(-H, 

XXXIV 

-CHa) 


aminopyrirnidines respectively. Alloxan (XXXV) is reduced to 
dialuric acid (XXXVl) by the use of strongly acidic zinc chloride solu- 
tion. Dirnethylalloxantine is reduced to methyidialuric acid-^’-^ b}^ 
sodium amalgam. Diethylthiobarbituric acid (XXXMI) is reduced 
by sodium amalgam to desoxyveronal (XXXVIII).-"'* 

NH-CO^XH-CO^CO-CO NH-CO-NH-CO-CHOII-CX) 

XXXV XXXVl 

NH-CS-NH~C()-C(C2H5)2^0 NH-CH. NH-CO-C(C2H5)2-C 0 

xxxvii xxxviri 

Fichter and Stenzl-"^ were able to reduce 5-isopropylbarbituric 
acid to 5-isopropyluracil, and 5-ethylbarbituric acid to a mixture of 
5-ethyluracil and 5-ethyldihydrouracil, by means of a lead-sodium alloy 
and acids. 

Wheeler. J. BioL Chnn., S. 289 (1907). 

Johneon and Joyce, J. Am. Chem. Si>c., 37. 2151 (19)5). 

Jotuuon and Heyl, Am. Chem. J., S8. 237 (1907). 

Johnson and Mackcniie. ibid., 41, 355 (1909). 

*“ Fischer, Ann,. tlS. 258 (1882); Bi«5>'er, Ann., m, 13 (1863). 

BilU and Danim, Ber., 4 «. 3662 (1913). 

Einhom, Ann., S59, 176 (1908). 

«' Fichter and Stensl, Uelv. Chim. Acta, 17. 665 (1934). 



998 


ORGANIC CHEMISTRY 


Purine (XXXIX) was first prepared by E. Fischer^^z in 1899 by 
converting 2,6,8-trichloropurine by hydriodic acid and phosphonium 
iodide at 0° to 2,6-diiodopurine, and this to purine by zinc dust and 
water. Similarly, 2-iodo-7-methylpurine, and 2-iodo-9-phenylpurine 


N=.:::CC1 

I I 

CCl C— NH 


N- 


-C— N 


>CC1 


N :: 

Cl 

N- 


CI 


C— NH 
C— N 


N= 

1 

=CH 

1 

1 

CH 

C— NH 

I 

1 'x 

N 

i-/ 


XXXIX 


are reduced to 7-methyI- and O-phenylpurine, respectively. The reduc.- 
tion takes place smoothly with all halogenopurines, and also with those 
derivatives which contain (beside the halogen), oxygen, sulfur, or 
N-methyl or amino groups. For example, 2,5-diethoxy-8-chloropurine 
(XL) gives xanthine (XLI). 2,8-Dichloro-6-hydroxy (or amino) purine 


N: 

I 

C2H5OC: 

l'- 


=CO(\.Hr, 

I 

C- NH 

II > 

-C— N 

XL 


NH— CO 


CO C— NH 

>» 


NH— C— N 

XLI 


(XLII) gives hypoxanthine and adenine-’’’ (XLIIl) respectively. 
N=-C(— OH), (— NH 2 ) N- - C(— OH), (— NH 2 ) 


CIC 


N- 


C— NH 

>ca 

C'— N 


HC 


N- 


C— NH 


/ 

-C— N 


;CH 


XLII 


XLITI 


7,9-Dimethyl- and 7,9-diethyluric acid glycols (XLIV) give 7,9- 
dimethyl- and 7,9-diethyl-4-hydroxy-4,5-dihydrouric acids (XLV) when 


NH— CO 




NH— CO 


C( 0 H)-N(-CH 3 ,-C 2 H..) CO CH N(-CH 3 ,— C 2 H 5 ) 


(’() 


^X) 


NH— C(OH)-N ( - -CH 3 , -C 2 H 5 ) NH— C(0H)-N(-L^H.-,, -CaHs) 
XLIV XLV 


”2 Fischer, Her., 81, 2650, 2564 (1808); 88, 403 (1800). 
I'ischcr, Her., 80. 2235, 2240 (1807). 
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heated with phosphorus tribromide. Theophylline and paraxan- 
thine are obtained in yields of 80 per cent by heating the 8-chloro deriva- 
tives in tetrahydronaphthalene with less than one atom of iodine. ^ ^ 
Electrolytic Reduction. The general reduction equation of TafeLs 
electrolytic reductions of xanthines to desoxyxanthines in sulfuric acid 
solution with a lead cathode may be represented by structures XLVI 
and XLVII. Xanthine, ^ 3-methylxanthine, 1-methylxanthine, - " ^ 


(H—, CHa— )N CO 

Jx) C— N(— H, — CH,) 

I li 

(H— , CH,~)N-- T)-~N 
XLVI 


(H-~, CHa- )N CH, 

1 I 

CO C-N( - CHa) 

: : :,cu 

(H- ,CHa )N C X 
XLVII 


heteroxanthine, theobromine,'"^"® theophylline, paraxanthine,-®^ 
and caffeine are all reduced to the corresponding desoxyxanthine 
derivatives. Guanine"®^ gives desoxyguanine. 

In the pyrimidine series, Tafel reduced elect rol 3 dically, barbituric 
acid,"®" (XLVIII) to dihydnmracil (XLIX) and at a higher tempera- 
ture to 2-ketohexah3"dropyrimidine (L). l^thylbarbituric acid-®*^ (LI) 


NH— CO 

I 1 

CO CH.. 

I I 

NH— CO 
XLVIII 


NH— CO NH— CH. 

i I : i 

CO CH. (;0 CH. 

NH— CH. NH— CH. 

XLIX L 


gives 5-cthyldihydrouracil (LII), whemis veronal (LIII) undergoes 
reduction of the 2-keto group, giving desoxyveronnl (LH ). Dialuric 
acid, urarnil, and alloxan give principally dihydrouracil on reduction.-^* 
Dialuric acid also gives 2-ketohexahydropyriniidine and 2-keto-5- 
hydroxyhexahydropyrimidine. 


Gcr. p»t. 876,604, May 12, 19.^1; (C. A.. *7. 57S7 (1933)]. 

Tafel and Ach.. Btr., 34. 1165 (1901). 

”• Tafel and Weinsohonk, 83. 3369 (1900). 

Tafel and Herfcrich, Her., 44, 1033 (1911). 

”• Tafel, Ber., 83. 3194 (1899). 

Tafel and Dodt, Ber., 40, 3782 (1907). 

*« Bnillie and Tafel, Ber., St. 3206 (1899). 

Tafel and Ach, Ber., 34. 1170 (1901). 

•"Tafel and Weinschenk, Ber., 33. 3383 (1900); Tafel, B,-r., 34, 144 (l‘K)l); cf. 
Weidel and Roithner, Monalak., 17. 175 (1896). 

Tafel and Thompaon, Ber., 40, 4489 (1907). 

•« Tafel and Reindl, Ber., 34, 3286 (1901). 
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NH-CO-NH-CO-CH(C2Hs)-CO NH-C0-NH-CH2-CH(C2H8)-C0 

LI LII 

NH-CO-NH-CO-C (C2H5)2-C0 NH-CH2-NH-CO-C(CiH5)2-(bo 

Llll LIV 

Catal 3 rtic Hydrogenation. A palladium catalyst has been used by 
Rosenmund and Zetzsche^'*'’ to transform 8-chlorocalTeine to caffeine. 
A patent^®® describes the hydrogenation in the presence of a catalyst 
of 8-chlorotheophylline and 8-chloroparaxanthine in aqueous alkaline 
solution at 100° and 30-40 atmospheres pressure to theophylline and 
paraxanthine. 

NATURAL OCCURRENCE OF PYRIMIDmES AND PURINES 

Pyrimidines 

Certain representatives of the pyrimidine group have been discovered 
in nature occurring as normal constituents of the nucleic acids. These 
derivatives are keto forms of pyrimidine and are classified as cyclic 
ureides containing — CO-NH — groupings. The derivatives thus far dis- 
covered in nature are represented structurally b(*low. According 
to the results obtained by recent investigators in the newer field of 
vitamin chemistry, it hiis been established that a pyrimidine cycle 
actually occurs in vitamin B 2 (C 17 H 20 O 0 N 4 ), and also in vitamin 
Bi. A summary of the present conclusions regarding the constitutions 
of both vitamins Bi and B 2 is given later in this chapter. 

The pyrimidine compounds taking part in the organized structure of 
natural nucleic acids include uracil, thymine (5-methyl uracil), 
and cytosine. 

*** Rosenmund and Zetzsche, Ber., 61, 582 (1918). 

Boehringer & Son, Ger. pat., 582,435; [C A., 27, 5754 (1933)], 

Discovery: Ascoli, Z. physiol. Chem., 31, 161 (IIKK)); Ko**»cl and Steudel, ifnd., 37, 
245 (1902) ; Levene, ibid., 39, 4 (1903) ; Levene and Stookey, ibid., 41, 404 (1904) ; Ix*vene, 
ibid., 37, 527 (1903); Reh, Beitr. Chem. Physiol. Path., 3, 569 (1(H)3); Jones, Z. physiol. 
Chem., 42, 35 (1904); Levene and Mandel, ibid., 49, 262 (1906); Engeiand and Kutscher, 
Zentr. Physiol, 24, 589 (1910). 

Synthesis: Fischer and Boeder, Ber., 34, 3751 (1901); Wheeler and Merriam, Am. 
Chem. J., 29, 478 (1903); Gabriel and Colman, Ber., 36, 3379 (1903); Davidson and 
Baudisch, J. Am. Chem. Soc., 48, 2379 (1926); BUttner, Ber., 36, 2227 (1903); Gabriel, 
Ber., 38, 1690 (1905). 

Discovery : Kossel and Neumann, Ber., 26, 2753 (1893); Miescher and Schmiode- 
berg, Arch, exptl. Path. Pharmakol, 37, 100 (1896); Jones, Z. physiol. Chem., 29, 20 (1900); 
Steudel, ibid., 30, 539 (1900); 32, 241 (1901). 

SyrUheeia: Fischer and Boeder, loc. cit.; Wheeler and Merriam, loc. ciL; WTjoeler and 
McFarland, Am. Chem. J., 43, 19 (1910) ; Gemgross, Ber., 38, 3408 (1905). 

Diacovery: Kossel and Neumann, Ber., 27 , 2215 (1894); Kossel and Steudel, Z, 
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Natural Occurrence of Pyrimidines 


Natural 

Source 

Tyi)e of 
Pyrimidine 

1 

Name 

1 

Formula 

Animal, plant, 
or bacterial 
nucleic acids 

Dioxypyrimidines 

Uracil 

Thymine 

I^H-CO-NH-CH=CH-(io 

NH-CO-N H-CH=C-CO 

1 

CH, 

Animal, plant, 
or bacterial 
nucleic acids 

A mi nooxy py ri midi ncs 

Cytosine 

5-Methylcy- 

tosiner 

- - . J. 

N-CO-NH CH-=CH-CNH, 

N-CO-NH CH-=C-CNH, 

1 

CHj 

Milk 

Dioxypyrimidineciir- 
lx)xylic acid 

Orotic acid 

N 1 1 - CO- N I I-C- CH - CO 

1 

COOH 

Seeds of plants 

Trioxvaminopyrimid- 

Convicine 

Isouramil -|- d-glucose (?) 

ine^glucoside 

Isouramil 

NH CO 

! ! 

CO COH 

I 

NH CNHo 

St’tHls of plants 

Diaininodioxypyrimid- 

Vicine 

Divicine -f d-glucosc 

ineglucoside 

t 

! 

Divicine 

XII CO 

1 

HN C CHNH. 

1 I 

NH CO 


Orotic acid (4-uracilcarboxyIic acid) is the only representative of the 
theoretically pixssible pyriinidinecarlx>xylic acids thus far discovered in 
natur(‘. It has been found in and structurally is a derivative of 

uracil, namely, 2,5-iiioxy-4-pyrimidinecarboxylic acid. 

Two pyrimidine glucosides (p. 1454) have thus far been found 
in plants, namely, imine and convicine. Vicine, CioHioN-jO;, is a glu- 
coside of divicine or 2,5-<iiamino-4,6-dioxypyrimidine, and from th(‘ 


physiol. Ckem., 87, 177, 377 (H)02-03); lAJveno, ibid., 38. 80 (HK)3): Kossol and Steudel, 
ibid., 38, 49 (1903). 

Synthesis: Wh<»ler and Johnson, Am. Chem. J., 39 , 492, 505 (1903); Hill)ert and 
Johnson, J. Am. Chem. S<k., 83 . 1152 (1930). 

*** Bisctiro and Belloni, “Annuario della 8oc. Chimica di Milano,” XI, I (1905); 

ibid., XI, fasc. II (1905); see also Chem. Zentr., (II), 63, 64 (1905); Wheeler, Johnson, 
and Johns, Am. Chem. J., 87, 392 (1907); Wheeler, ibid., 38, 358 (1907); Bachstez. Ber., 
68. 1000. (1930). 
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present chemical evidence may be assigned the constitutional formula 
given below. 

N— CO 

H2N<!: CHNH 2 

I o , 

OHH OH 

I I I I 

HOCH2— C— C— C— C— C— N— CO 

I I I I I 

H H OHH H 

Vicine 


It was first isolated by Ritthausen-**^ from vetch seeds. 

The glucoside convicine wtis also isolated from vetch seeds by Ritt- 
hausen, and he assigned to it the empirical fonnula CioHi6N:)08-H20. 
It is characterized by its behavior on hydrolysis when it jdelds allox- 
antine. Schulze and Trier-®^ proposed a formula corresponding to allox- 
antine diglucoside plus two molecules of ammonia. Johnson sug- 
gested that the formula CioHjsNaOg corresjwnded to that of either an 
aminoglycoside of dialuric acid or a glucoside of uramil. Fisher and 
Johnson-'**® repeated succe.ssfully the original work of Ritthausen and 
studied the behavior of convicine on acid hydrolysis and on oxidation. 


-O- 


NH— CO 

I i 

CO CHOHH2O 


OHH OH 

HOCH2— c:— C— C— C— C— N C==NH 

I I I I ! 

H H OHH H 

Convicine 


Levene, J. Biol. Chem., 18, 305 (1914). 

Ritthausen and Kruesler, J. prakt. Chem., [2] 2. 333, (1870); Ritthausen “Die 
Eiweisskorper der Getreidearten,” Cohen and Son, Bonn (1872), pp. 168-169; J. prakt. 
Chem., [2] 7, 374 (1873); Bcr., 9, 301 (1876); J. jtrakt. Vheni., |2) 9i, 202 (1881); 29, 359 
(1884); Schulze. Z. physiol. Chem., 16, 140 (1891); Ber., 22, 1827 (1889), Z. physiol. Chem., 
17, 193 (1893); Ritthausen, Ber., 29, 894, 2108 (1896); v. Lippraan, Ber., 29, 2653 (1896); 
Ritthaustm, J. jrrakf. Chem., (2] 69, 480, 482 (1899); Ritthausen and Prousa. ibid., (2)69’ 
487 (1899); Winterstein, Z. physiol. Chem., 105, 258 (1919); Schulze and Trier, ibid., 70, 
150 (1910 11) : Johnson, J. Am. Chem. StK., 36. 337 (1914) ; .h>hniK)n and Johns, ibid., Soi 
645 (1914); I'ischor, Rtr,, 47, 2611 (1914); I^evene, J. Rio/. CAcm., 18, 305 (1914) ; Ix^vene 
and Senior, ibid., 26, 607 (1916); Horissey and C'heymol, Compt. rend., 191, 387 (1930); 
BvU. soc. chirn. hioL, 13, 29 (1931); Fisher and Johnson, J. Am. Chem. Soc 54 ‘H)38 
(1932). 

Schulze and Trier, J. physiol. Chem., 70 . 150 (1910-11). 

Johnson, ./. Am. Chem. Soc., 36, 337 (1914). 

Fisher and Johnson, ibid., 54 , 2038 (1932). 
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As a result of their investigation they proposed the formula below for this 
glucoside. The pyrimidine nucleus of such a glucoside — isouramil — has 
been synthesized recently by Bogert and Davidson>'^^^^ 


Purines 

Purine compounds are found widely distributed throughout the 
animal and plant kingdoms. Several of them, for example, uric acid, 
have been shown to be important end products of metabolic changes. 
Not only do they occur in nature in a free state, but th(‘y have also been 
found to exist in the form of glycosides. 

Only two representatives of the purine group have thus far been ol)- 
served to enter into the structure of the nucleic acid molecule. These are 
adenine ^ ^ ^ and guanine. - ^ The constitutioas of thes{* two naturally oc- 
curring purines are expressed below. 


Purines Occurring in Nucleic Acids 

NH— CO 


N= 

=CNH2 

1 

CH 

1 

C— NH 

l! > 


-C— N 


H 2 NC 


N 


C 


-C— N 


NH 

^ CH 


Adenine 


Guanine 


The most widely distributed purine substances found in nature out- 
side of the two occurring in nuchuc acids are xanthine'-'*'^ and hypoxan- 
thine.'*^^^^ These are possibly formed by deamination of guanine and 
axienine. C(»rtain rnethylaUHl derivatives of xanthiiK* which an^ classed 
among alkaloidal substances, namely, caffeine, theobromine, “ 

2»« Rogert and Davidson, Proc. Xatl. Sci. f’. S., 18, 490 (1932). 

JX^corery: Kossel, Her,, 18, 79. 1928 (1885); Z, fihysiol. Chem., 10. 250 (1886); 12, 
241 (1888). 

Discovery: Unger, Pogg. Ann., 65 , 222 (1845); Unger, Arm., 68, 18 (1846); Strecker, 
Ann., 108, 141 (1858). 

Dvicotery: Marcet, “An Essay on the Chemieal Histor>' and Medical Treatments of 
C'tUcal Disorders,” Ixmdon (1817): Scherer, Ann., 112, 257 (1859); Wohler and Liebig, 
Ann., 26, 340 (1838); Krilgt^r and Salomon. Z. phyaiol. (’Arm., 24, 371 (1S98); Strecker, 
Ann., 118, 157 (1861); Krllger and Schittenhelm, Z. phyXol. ('hnn., 35, 101 (1902); 
Schreiner and Shorey, liiol. 8, 385 (1910), 

Discovery: Scherer, Ann.. 73, 328 (1850); For chemistry of sarkin, Strecker, 
Ann., 108, 129, 141 (1858); Krhger, Z. phyXol. Chem., 18, 423. 459 (1894). 

Discovery: Hunger, PhytocKem. Entdeckimgen, 144 (1820); Sc»gtJn, Ann. chim. phys., 
62, 1 (1814); Brugnatelli, ibid., 65. 299 (1815); Oudry, Afag. P/uirm., 19. 49 (1827): 
CiUnther. J. jfrakt, Chem., 10. 273 (1837); Mulder, Pagg. Ann., 43, 161 (18:18); Ann., 
28. 319 (1838); Jobst, Ann.. 15, 63 (1838); Martius, Ann., 36, 93 (1840); Borthemot and 
IhH'hustelus, J, pharm. Tram., 26, 514; Ann., 36, 90 (1840); Berzelius, Ja^irb. Cheni., 21, 
322 (1842) ; Atlfiold, Pharm. J., [2] 6, 457 (1865) ; Schmidt, Ann., 217, 306 (1883). 

Discovery: Woskressensky, J, pretkt. Chtm., 23, 394 (1841); Ann.. 41, 125 (1842); 



1004 


ORGANIC CHEMISTRY 


and theophylline, are also found in the plant kingdom. Also as prod- 
ucts of metabolic change the following alkylated purines have been 
found: 1,7-dimethylxanthine,^^^ 7-methylxanthine,^®^ 1-methylxan- 
thine,^®® and 3-methylxanthine.^®^ 


Glycosidic Combinations of Purines and Pyrimidines 

An important group of substances coming under this heading are the 
glycosides known as ribosides. Thus far, pyrimidine ribosides^ 
have not been found in a fre(» state, and result only as degradation 
products of nucleic acids. Some purine ribosides, which have been 
shown to occur in a free state, are the following: guanosine (or as 
this was first called, vernine),*^^^'-^ inosin(‘,^*^ and xanthosine.^ ^ * The 
glycoside adenosine * - is tlu* precursor of inosine and was first obtained 
in a free state by hydrolysis of yeast nuchuc acid. 

No pyrimidine or puriiK' glycosides of the deso.xyriboside type^*'* 


Heckel and Schlagdenhaufl n, J. pharm. chim., (5) 8, 177 UHH3); IVcker, Juntas hotan. 
Jahrtsber., 2. 14 (1902); Hilger, Apoih. Ztg., 7. 469 (1892). 

Discovery: Kossel, Z. physiol. Chem., 13, 298 (1889V 
^ Discovery: (in urine) : Salomon, ihiei., 11. 415 (1887) ; Ann. Chem. ^fed., 1, 16.3 (1879) ; 
Thudiehum, Cortipl. rend., 106, 1805 (1888); Salomon, Arch. Physiol. (duBoiH-Roy* 
mond), 426 (1882); B(r., 16, 195 (188:1); 18, 3400 (1885); Z. klin. Mid. Supfd., 7, 63 
(1884); Virchow's Arch. path. Anat., 126, .5.54 (1891). 

Discovery: (in urine): Kriigcr and Salomon, Z. physiol. Chem., 24, 364 (1898); 26, 
350 (1898-99); Salomon, ibid., 11, 413 (1887); Halkowski's Festschr., Berlin (BKH); 
Kruger and Schmidt, Ber., 32, 2677 (1899); Bondzynski and (Jottliel), Ber., 28, llKi 
(1895); Arch, cxpll. Path. PharmakoL, 36, 45 (1895), 

^Discovery: (in urine): Kruger and Salomon, Z. physiol. Chem., 24, 364 (1898); 16, 
3.58 (1898-99); Krliger and Schmidt, Ber., 32, 2680 (1899); Krhger, Ber., 32, 3:130 
(1899); Okerhlom, Z. physiol. Chem., 28, 60 (1899); Kngelmann, Ber., 42, 177 (11K)9); 
Kruger, Bix., 33, 3665 (IIKK)). 

Discovery: (in urine): Schmidt, Dissertation, Berlin, 11M>4; Krilger and Schmidt, 
Ber., 32 , 2680 (1899); Kriiger and Schmidt, Z. physiol, ( hem., 36, 1 (1902); Allmneao, 
Ber., 32 , 2280 (1899) ; Kriiger and Schmidt, Arch, exptl. Path. Pharmaknl., 46, 259 (1901). 

Uridine and Cytidine : — Levene and LaForge, Ber., 46, 608 (1912); Emerson and 
CJerecedo, J. Biol. Chem., 87, 4,58 (1930); I^vene and Simms, ibid., 66, 519 (1925); 70, 
327 (1926); Levene. Bass, and Simms, ibid., 70, 229 (1926); Levene and Jacotjn Ber 
43,3150 (1910). 

Schulze and Bosshard, Z. physiol. Chem., 9, 420, 443 (1885); 10. 80 (1886); Sohulio 
and Castr)ro, HM., 41, 455 (1904); Schulze, ibid,, 66, 128 (1910); Schulze and Trier, ibid., 
70, 143 (1910) ; Schulze and v. PlanU, ibid., 10, 326 (1886) ; Schulze, J. prakt. Chem., (2) 32, 
433 (1885); Levene and Jacobs, Ber., 42, 2474 (1909) ; 43, 3163 (1910). 

Haiser and W enzel, Monatsh., 29, 157 (1908); Levene and Ja(rol>s, Ber., 42, 335, 2474 
(1909); Bir., 42 , 2703 (1909). 

Levene jind Jacobs, Ber., 43, 3163 (1910); see alj!r> Davis, Newton, and Benedict, 
J. Biol. Chnn., 64 , .59.5 (1922) ; Ixjvene, ibid., 68 , 437 (1923). 

Levene and Jacolis, Ber., 42, 2703 (1909). 

•“Feulgcn, “Cheniie und Physiologic der Nukleiuztoffe,” Borntrftger, Berlin (1923), 
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have been isolated in a free state. They have been found, thus far, only 
as degradation products of a nucleic acid.^^"* 

Two pyrimidine glycosides of the hexoside type have been found to 
occur in plants, namely, vicine and convicine, which have already been 
referred to in a preceding paragraph. An interesting glycoside of an- 
other type is adenine methylthiopentoside which is obtained from 
yeast extracts. ^ ^ ^ 

NUCLEOSIDES, MONONUCLEOTIDES, AND POLYNUCLEOTIDES 
(NUCLEIC ACIDS) 

Purines and pyrimidines occur in plants and in animal tissues either 
in the free state or as constituents of more complex substances. Of these 
latter the best known are nucleosides, mononucleotides, and poly- 
nucleotides or nucleic acids. 


Nucleosides 

Nucleosides are glycosides, whose aglucons may be either a purine or 
a pyrimidine base. The carbohydrate (pp. 1399, 1477) components of 
those now known are d-glucose, r/-ribose, d-2-desoxyribose, and thio- 
rnethylpento.se. The aglucons thus far discovered are adenine, guanine, 
cytosine, unicil, thymine, methylcytosine, and 2,5-diarnino-4,6-dioxy- 
pyrirnidine. Only one deriv^ative of glucose is known, vicine, and its 
riglucon is 2,5-<iiamino-4,GKlioxypyrimidine.'^ ^ One nucleoside is a 
derivative of a thiomethylpentose but the structure of this thiomethyl- 
jK'ntose is as yet not known. All other known nucleosides are derivatives 
of d-rilK>8e or of 2-<l(‘80xy-</-ribose. 

The details of the structure of the nucleosides is determined by the 
fX)sition of the sugar residue on the Iwise and by the size of the ring of the 
sugar r(‘sidue. All the d-rilx>se and d-de-soxyrilK)se derivatives have Ix'en 
found to have the furanoside structure. The ring structure Wiks identified 
either by complete met hylation of nucleosides with subsequent hydrob^sis 
and oxidation of the methylated ribose to dimethyltartaric acid'^ ^ ' or by 
the fonnation of a triphenyhnethyl derivative. Primary alcoholic groups 
combine preferentially with triphenylmethyl chloride; the formation of a 

**<Uv€!ne and London, J, Bid, Chem., SI. 711 (1929) ; 83. 793 (1929); Levene and 
Mori, ilnd., 88, 803 (1929); Ix»veue, Mikeska, and Mori, ibid., 86 , 785 (1930); Hergniann, 
Schotte, and l^hinsky, Btr., 66 , 158 (1922). 

Mandel and Dunham. J. Bid. Chem., 11. 85 (1912); Suauki, Tokyo Chem. Soc., 
84, 1134 (1914); Huauki, Ociake, and Mori, J. Agr. Chem. Soc. (Japan), 1, No. 2, (1924); 
Bimhem. Z., 164, 278 (1924); Lex-vne, J. Bid. Chem., 69, 465 (1924); Levene and 
Sohotka. ibid., 66, 651 (1925); Sobotka. ibid., 89, 267 (1926). 

Levene and Senior, J. Bid. Chem., 16, 607 (1916). 

Levene and Tipeon, ibid,, 94, 809 (1932). 
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trityl derivative indicates that the primary alcoholic group of the 
pentose is not involved in the ring formation. ® * * 

A typical purine nucleoside is adenosine (I), which is 7-adenine 
d-ribofuranoside. 


N==C— NHa 

I I 

HC C— N — 


\ 


CH 


I ^ 1 

OH OH 

I I 

C— G C C— CH 2 OH 

H H H H 


I. AdenoBine 


A typical pyrimidine nucleoside is cytidine (II), which is S-cytosine 
d-ribofuranoside. 

N=CNH2 

I I 

OC CH 

H H H H 

1111 

HOCH 2 -C C- (' C— N— CH 

I I 

OH OH 
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II. Cytidine 

A typical desoxyribose nucleoside is 7-adenine d-desoxjTibofur- 
anoside. (Ill) 

O 


N=C— NH 2 

I I 

HC C— N 


H OH 


CH 


-C- 


C— CH 2 OH 




N— C— N H H H H 

III. Desoxyadenosine 


Desoxyribose, like ribose, was discovered in nature for the first time 
as a component of a nucleoside. This sugar is so unstable that only by 
very gentle treatment can it be separated from the aglucon without 
destruction. Its ready transformation into levuUnic acid was a sur- 
prising observation. 

The first nucleoside discovered in nature was guanosine. ® ^ ® Its 


Bredereck, Ber., 66 , 198 (1933). 

Sfhulzc and Bosahard, Z. physiol. Chem., 9, 443 (1885); 10, 80 (1886). 
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identity wa« then not fully known and it was described under the name 
‘Vernine/^ It was later found to be identical with guanosine. The other 
nucleoside occurring in nature in free state is adenine thiomethylpento- 
side. 

The nucleosides now known are adenosine, guanosine, cytidine, uri- 
dine, desoxyadenosine, desoxyguanosine, desoxycytidine, desoxyuridine, 
thymidine (3-thymine desoxyribofuranoside), vicine, and adenine thio- 
methylpentoside. All except the latter two are accessible through 
cleavage of nucleic acids. (Guanosine is found also in tissue extracts ) 
The ribose nucleosides are prepared by heating the ribonucleic acids 
under pressure on the sKghtly alkaline side. The d(*soxyrilxjsides could 
not be obtained from the desoxyribonucleic acids by purely chemical 
means and enzymatic cleavage had to Ix' resorted 

Properties. All nucleosides are crystalline substances, soluble in water 
and insoluble in most organic solvents. The purine rilx)sides are readily 
hydrolysable with dilute mineral acids, yielding the aglucon and d-ribose. 
Most of the pyrimidine nucleosides are very resivStaiU to acid hydrolysis. 
When stronger acid (10 per cent hydrochloric acid) is used, the sugar 
component is destroyed and only the aglucon can then be identified. 
An exception is vicine which Ixihaves like a purine nucleoside. However, 
when the aglucon is catalytically hydrogenated, then th(‘ hy drogenated 
primidine nucleoside behaves tow^ard acid as an ordinary glycoside. The 
purine nuckxisides can readily be differentiated from the pyrimidine 
nucleosides by the orcinol test, the former giving the usual pentose test 
w^hereas the latter give only a faint pink coloration. 

Two nucleosides having the sugar residue attached to a nitrogen atom 
of the iiglucon have thus far been prepared synthetically, namely, 
T-adenine-d-glucopyranosidc'^ * * and 3-uraci W-glucopyTanoside. * - 
Several nucleosides having the sugar residue attached to the oxygen 
atom have been prepared. 

Mononucleotides 

Nucleotides are phosphoric esters of nucleosides. \ATiereas few" nucleo- 
sides have been discovenxi in nature, several nucleotides are known to 
occur in animal and plant tissues and to some of them imt)ortant bio- 
logical functions are attributed. 

Depending upon the position of the phosphoric acid residue, there are 


** Lovono and London, J. BM. Chem., 81 . 711 (1929); 83 , 793 (1929). 
*“ Fiwhor and Helferich, Ber.. 47 . 210 (1914). 

*” Hilbert and Johnstm. J. Am. i'hrm. A>e., 8S. 44S9 (19.30). 

Leveno and Sobotka. J. Biol. Chem., 88, 4U3 (1925). 
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theoretically three isomeric nucleotides for the ribose nucleotides and 
two for the desoxyribonucleotides. In fact, among the ribose nucleotides 
two types have been discovered differing in the position of the phos- 
phoric acid residue. Those of one type have the phosphoric acid residue 
in position 5 of the sugar, the others in position 3. 

5-Phosphoribofuranosides. Nucleotides of the first type occur in 
tissues in the free state and possess physiological action. A representative 
member of this group of substances is inosinic acid. 

Inosinic Acid. This acid was obtained in crystalline form from beef 
extract by Liebig in 1847 but not until 1895 was it recognized by Haiser 
to be a derivative of phosphoric acid. Its structure was not cleared up 
until 1908-1911.^^^ It was also on that occasion that d-ribose was dis- 
covered to occur in a natural product and was the first time it was 
obtained in crystalline form. The structure of the substance emerges 
from the fact that on acid hydrolysis it yields a phosphoric ester of 
ribose and on neutral hydrolysis, inosine (hypoxanthine ribofuranoside) 
is formed. 

Acid hydrolysis 


HN— C=0 

I I 

HC C— N 

I !l 

N— C— N 



Alkaline hydrolysis 


The position of the phosphoric acid residue on carbon atom 5 wiis 
arrived at first on the basis of the fact that, on oxidation with nitric acid, 
phosphoribonic acid and not phosphoribotrihydroxyglutaric acid was 
obtained; further, by the rate of lactone formation in the phos- 
phoribonic acid and finally, by the synthesis of S-phosphoribose which 
had properties identical with that obtained on hydrolysis of inosinic 
acid.^^^'". 

Additional proof of the position of the phosphoric ester residue was 
furnished by the ''partial synthesis'' of inosinic acid from acetone inosine, 
in which only position 5 of the ribose is not substituted.^'-^® 

In fresh tissues, or fresh tissue extracts, inosine is present in only small 
traces, if at all. In its place is found its precursor, adenine S-phosphori- 

Levene and Jacobs, Ber., 41 , 2703 (1908); 42 , 336, 1198 (1909); 44 , 746 (1911) 
Leveno and Stiller, J. Biol. Chem., 104 , 299 (1934). 

**• Levene and Tipson, ibid., Ill, 313 (1935). 
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Acetone inosine 


bofuranoside, which is converted into inosinic acid by a specific enzjnne. 
This adenylic acid wjis isolated first from fresh muscle and hence was 
termed “muscle adenylic acid” in distinction to the adenylic acid obtain- 
able from ribonucleic acid. The inosinic acid described alK)ve may for 
the same reason be termed “muscle inosinic acid.” 

3-Phosphoribofuranosides. The nucleotides of this type have not 
iK'en found in nature in free state but are obtained on mild alkaline 
hydrolysis of the rilK>polynucleotides. 

Chemically these nucleotides differ from those already described by 
their lower resistance tow’ard hydrolytic agents. The position of the 
phosphoric acid residue w’as demonstrated l)y the conversion of the 
ribosephosphoric acid (I), obtained from it through hydrolysis, into 
ribitolphosphoric acid (II), which was found optically inactive. 

^011 

1 CH,OH 

H—C—OH I H— C— OH 

I O I 

H— C— O-POaH^ i H— C— O— PO3H2 

I I * 

H— C ' H— C— OH 

I I 

CHaOH CH 2 OH 

1 11 
3-Ril)08ephopphoric 3-Ribitolphosphoric acid 

acid (inactive) 

Had the phosphoric acid residue been in position 2 or 4, an optically 
active substance should have resulted.^*' 

Pyrimidine rilxjnucleotides have structures analogous to those of the 
purine nucleotides. Only those obtainable from ritonucleic acid, that is, 
only 3-phosphoribose derivatives, are known. They have been isolated 


Leveue and Harris, iWd., M, 9, (1932). 
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in crystalline form. Like the purine nucleotides, they are soluble in 
water and insoluble in most organic solvents but in distinction to purine 
nucleotides they possess great resistance toward hydrolytic agents. 

Desoxyribosenucleotides. These substances have been described only 
recently. ^28 They have been obtained by enzymatic hydrolysis of 
desoxyribosenucleic acids. They have the general crystalline appearance 
of the ribonucleotides. 

Nucleosidopolyphosphoric esters. Adenosinepolyphosphoric acids 
are biologically important substances playing a part in glucose utilization 
in animal and plant organisms, in alcoholic fermentation (p. 1525), etc. 

To adenosinetriphosphoric acid the following structure has been 
recently assigned. 


N=C— NHa 

I I 

HC C— N 


- 0 - 


OH OH 


;CH 


-C C - C C— CHo— O— P— O— 


OH OH OH 




N— C— N 


H H H H 
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O— P— OH 


0 


Adenosine triphosphoric acid 


This substance was discovered in muscle ext ract by Lohmann and 
later by Fiske and Subbarow, By a specific enzyme it is converted into 
adenosine diphosphoric acid. Recently it was claimed that the latter 
nucleotide, in combination with a nicotinamide rilMUiucleotide, forms a 
dinucleotide which is the coenzyme in th(‘ proc(\H.s of conversion of 
glucose into lactic acid and of alcoholic fermentation. 

Of great importance also are the diphosphoric esters of the pyrimidine 
desoxyribosides inasmuch as they form the key to tlu* structure of the 
desoxyribonucleic acids. They are thymidinediphosphoric ester (I) and 
desoxycytidinediphosphoric ester (II), 


H H H H 

I I I I 

H2O3P— 0 — H2C— C- C-C— C— NoCsHfiOa 

I 

H 

0 

O— PO 3 H 2 
I 


Thannhauscr and Ottenstcen, Z. pkunol. Chem., 114, 47 (1921); Klein, ibid., Sll, 
164 (1933); Klein and Thaiinhauacr, iind., S16. 173 (1933); SM, 262 (1934). 

liolimaiin, X(Uunriiiaen$chn/len, 14, 298 (1928) ; 17, (124 (1929) ; Finko and Subbarow, 
'■JSeimm, 70, 381 (1929). 
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H H H H 

H2O3P— O— H2C— C— C— C— C— N3C4H4O 

I 

H 

O 

o— P()3H2 

II 

These substances are characterized by their greater resistance toward 
hydrolytic agents but as soon as the bases are hydrogenated, both the 
btise and the phosphoric acid residue are readily removed by mild treat- 
ment with mineral acids. Both nucleotides are obtained on hydrolysis 
of desoxyribosenucleic acid by boiling the acid with 2 per cent sulfuric 
acid. 

Nucleic Acids (Polynucleotides) 

In combination with proteins, histones, or protamines, nucleic acids 
are supposetl to constitute the principal part of the nuclei of plant and 
animal cells ; hence the name given to them by Altmann. ^ The pioneer 
workers in the field of nucleic acids w’cre Altmann, Miescher, and Kossel. 
As a result of their w'ork the wide distribution of the substances in 
nature Ix'came knowm and also the identity of their nitrogenous com- 
|K)nents. 

Nucleic acids are 8ul>8tances of very high molecular weight , the small- 
est unit having the propertu»s of a nucleic acid being a tetra nucleotide. 
( >11 a few occjisions, nucleic acids wiiose smallest unit is a penta- or hexa- 
nucl(K)tide have lx*en isolatcxl. 

Structure of Nucleic Acids. The assumption of a tetranucleotide 
structun' for nucleic acid is bascxl on the isolation of equimolecular pn> 
[K>rtions of the four In accord with this assumption are the 

n‘sults of potentiometric titration^'^- and the results of changes in the 
o|)tical mtation of solutions of nucleic acids tis a function of hydrion 
concentration.**'^^ Further e\idence was s<‘cured by the isolation of 
four nuclwsides^**'* and four nucleotides on hydn>lysis of nucleic acid. ’ 

Altmann, Arch. Anai. PhfmoL, Phynd. Abt., 524 (1889). 

Steudel. Z. phytiot. 49, 406 (1900); Leveno and Mancu4, Biochem. Z.. 10. 

215 (1908). 

Usvcne and 8imm«. /. Biol. Chem., 70, 327 (1926). 

l.evene and Baiwi, iWd., 74, 727 (1927); Levnno, vSimms, and B^.%bui.,70. 243, (1926). 

L«v«ine and Jacob*. B«r.. 4S. 3154 (1910); Levene and La Forge, Ber., 49. 608 (1912). 

Jonw and Kennedy, J. Pharmacol., 11. 253 (1918); Lovone. Proc. Sac. Exptl. Biol. 
Reti.. 19 , 21 (1917); /. Biol. C4«m.. 40 . 415 (1919). 
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The mode of union of the nucleotide to form the tetranucleotide unit 
has been a matter of much speculation. Most reliable information has 
been obtained in regard to the desoxyribosenucleic acids, thanks to the 
isolation of the diphosphoric esters of the pyrimidine nucleosides. 
Desoxyribosenucleosides possess only two hydroxyl groups. Hence the 
position of the phosphoric acid residues on the desoxyribose residue is 
determined by the position of the two hydroxyl groups. The formula 
below give a most satisfactory account of the facts known about desoxy- 
ribosenucleic acid. 

H2O3P-O-C5H7O— C6H5O2N2 



HO2P— O— C5H7O— C6H4N5 

/ 

O 

/ 

HO2P— o— C.^,H70— C4H4ON3 

/ 

0 

/ 

HO2P— o— C.7HKO2— C.7H4ON5 

Desoxyribose nucleic acid 

An alternating arrangement of the purine and pjTimidine nucleotides 
is assigned to the substance in order to give a structural reason for the 
formation, on hydrolysis, of the diphosphopyrimidine nucleosides. The 
arrangement of the bases is in other respects arbitrary. 

The arrangement of nucleotides in the ribosenucleic acids was for- 
mulated by analogy with that of desoxyribosenucleic acid. This view 
was confirmed by potentiometric titration, which made it possible to 
account for four primary and one secondary phosphoric acid group and 
was further confirmed by the nitrogen distribution, the theory requiring 
20 per cent of nitrogen in form of the amino group. The theoretical 
proportion was obtained on analysis of the ribonucleic acids. 

VITAMINS CONTAINING THE PYRIMIDINE RING* 

The rapid and steady progress made in recent years in the study of the 
chemistry of vitamins has led to the final conclusion that the pyrimi- 

References concerning vitamins: Karrer, Helv. Chim Acta, 19, 41 (1936); Wagntor- 
Jsuregg, Angew, ('hem., 318, 547 (1934); Kuhn, “Ann. Il4)v. Hiochern.,” Vol. 4, 490 (1935); 
Bull. HOC. chim. bioL, 17, (X)5 (1935); Chemistry dt Industry, 52, 981 (1933); Angew. Chem., 
48 , 29 (1935); 49, 6 (1936) ; Kuhn, Rudy, and Wajfuer-Jaurogg, Ber., 66 , 1950 (1933); 
Kuhn, Wfl^er-Jauregg, Van Klaveren, and Vetter, Z. physiol. Chem., 284 , 196 (1935) ; 
Uarrie, “Ann. Rev. Biochom.,” Vol. 4, 332 (1935); Orewe, Z. physioL Chem., 242 , 89 
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dine ring occurs in both the growth-promoting vitamin B 2 (lactoflavin), 
and in the antineuritic vitamin Vitamin B 2 is a derivative of 

isoalloxazine. 


/^NHa CO— NH 

+ I I 

NH2 




CO CO 

I i 

CO— NH 


/\n=C NH 

I 1 

Jn=c CO 

^ 1 I 

CO— NH 

Alloxazine 


I^NH— C= 

=N 

j 

i 

CO 

1 

CO- 

-NH 

Isoalloxazine 



The accepted structure of vitamin B 2 is expressed by Formula I, 
namely — 6,7-dimethyl-9-d-ribitylisoalloxazine. 


CH 31 

CH3' 


CH2(CH0H)3CH20H CH2(CH0H)3CH20P0(0H)2 

/\n— C==N CHs/Nn— C=N 




lN=C CO 

I I 

CO— NH 

I 


CH; 




N=C CO 

! i 

CO— NH 

II 


The carbohydrate functioning in the lactoflavin (I) is d-ribose,*'^'^^ 
and it has been shown conclusively that this ribose derivative (I) is the 
growth-promoting substance present in vitamin Bj, but is not necessarily 
the antipellagra factor. The phosphoric acid combination ex- 
press(?d by Fonnula II is present in Warburg’s yellow respiration 
ferment. This naturally occurring phospliatc^ was prepared b}'' treating 
lactoflavin (I) with phosphorus oxychloride in the presence of pyridine. 
Methods of synthesizing ^itamin B 2 or lactoflavin have been applied 
successfully tis follows: 

(1936); Williams and ('line, J. Am. Chem. Soc., 58 , 1505 (1936); Todd, Bergel, and Kari- 
nmllah. Her., 69 , 217 (1936); Barger, Bergel, and Todd, Her., 68 , 2257 (1935); Windaus, 
Tschescho, and Clrewe, Z. physiol. Chem., 937 . 98 (1935); Kuhn and \'etter, Bcr., 68 , 2375 
(1935); Ohdakc, Pr<K. Imp. Acacl. (Tokyo), 10 , 95 (1934); Kimlierly, O’Brien, and 
Peters, Biochem. J.. 39 , 701 (1935); Windaus, Tschesche, and Ruhkopf, Xachr. (7t’,s. Wm. 
Gottingen Math.-physik. Klasse, 342 (1932); Windaus, Tsehesehe, Ruhkopf, Laquer, and 
Schultz, Z. phy.'^iol. Chem., 304 , 123 (1932). See, also, Sherman and Smith, “The Vit- 
amins,” American Chemical Society Monograph, No. 6, Chemical Catalog Co., New 
York City (1931); Harrow and Sherwin, “Chemistry of the Hormones,’’ Williams and 
Wilkins Co., Baltimore (1934); Salinonsen, “Bibliographical Survey of the Vitamins, 
1650" 1930,” W^odlinger, Chicago (1932). 

Nomenclature on “ Aneurin:” Jansen, Nature, 136 , 259 (1935). 

Kuhn, Rudy, and Weygand, Ber,, 68 , 625 (1935); v. Euler, Karrer, Malmberg, 
SchSpp, Benz, Becker, and Frei, Helv. Chim. Acta, 18 , 522 (1935); Karrer, v. Euler, 
Malml)erg, Sch6pp, and Benz. Stemk Kcm. Tid., 47 , 99 (1935). 

***Elvehiem and Koehm, J. Biol. Chem. 108 , 709 (1935) ; Karrer, Salomon, Schdop, 
Benz, and Becker, Helv. Chim. Ada, 18 , 908 (1935). 
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CHi/XnHj + OCH(CHOH)iCH20H CHs/\nH-CH2(CHOH)iCHjOH 

followed by 

CHik^NH-COOCaHfi CHsS^NH-COOCaHfi 

condensation with alloxan to give vitamin B 2 (C 17 H 2 CO 6 N 4 ) melting at 282°.33® 

CHy''^NHj + 0CH(CH0H),CH20H CH3/\nHCH2(CH0H)8CH20H 

— ► followed by 

CHaS^NH-COCHs CHaS^NHCOCHs 

condensation with alloxan to give vitamin B 2 . 

CHii/\,Cl + H2NCH2(CH0 H)sCH20H CHy/\nHCH2(CH0H)8CH20H 

— > — > followed by 

CHa 


CHa's^ 


\^N02 


reduction to the amino compound and then condensation with alloxan to form the 
lactoflavin.3^1 

CHv/\nHCH 2(CH0H)3CH20H CH3,/\,NHCH2(CHOH)aCH20H 

reduction 


CHi 


CHi 


+ C1N=N-C6H4N02 CH; 


/^NHCHjiCHOH) JCH 2 OH 


■V 


N=N-C6H4N02 


CHi 


followed by condensation with alloxan. 




NH 2 


Kuhn and his co-workers^ emphasize certain phases of their 
synthetic technique, laying stress on the use of palladium instead of 
nickel in the reductive condensations with d-ribose, and the use of boric 
acid in the condensations with alloxan. Condensations are also carried 
out successfully in glacial acetic acid solutions. 

When lactoflavin (I) is irradiated in methyl alcohol solution, lumi- 
chrome (III) is formed. Irradiation in alkaline solution leads to the 
formation of lumilactoflavin (IV). Both of these irradiation prod- 
ucts have been prepared synthetically.^^® 

It is now generally accepted that the hydrochloride of the antineuritic 


Karrer and co-workers, Helv. Chim, Acta, 18 , 69, 522 (1935). 

Karrer and co-workers, Ber., 68 , 216 (1935). 

341 Kuhn and AVeygand, Ber., 67 , 1939 (1934). 

342 Karrer and Meerwein, Helv. Chim. Acta, 18 , 1130 (1935). 

34® Kuhn, Reinernund, Weygand, and Strobele, Ber., 68 , 1765 (1935). 

344 Karrer, Salomon, Schopp, Schlittler, and Fritzsche, Helv. Chim. Acta, 17 , 1010, 1165 
(1934). 

34*» Kuhn and Rudy, Ber., 68 , 300 (1935). 

34® Kuhn, Reinernund, and Weygand, Ber., 67 , 1460 (1934); Karrer, Salomon, Schopp, 
Schlittler. and Fritzsche, Helv. Chim. Acta, 17 , 1010, 1165 (1934). 
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vitamin Bi has the empirical formula C 12 H 18 ON 4 CI 2 S. The first real 
progress in the elucidation of the structure of this vitamin was made by 
the American investigator R. R. Williams and his co-workers. They 
made the interesting observation that the hydrochloride of this vitamin 
is attacked by sodium sulfite in aqueous sulfur dioxide solution, suffering 
a molecular fission giving two characteristic products, both of which con- 
tain sulfur. One product was a base which yielded by oxidation with 
nitric acid an acid, C 5 H 5 O 2 NS, that was identical with a substance pre- 
viously obtained by Windaus and co-workers by oxidation of the vitamin 
Bi. 348 'pjjjg been identified as a thiazole compound, 4-methyl-5- 
thiazolecarboxylic acid,'^’**^ and its precursor has been identified and 
proved by synthesis to be 4-methyl-5-^-hydroxyethylthiazole (II). 

The second product of cleavage of the vitamin by the action of 
sodium sulfite contains a pyrimidine ring, and is to be assigned the 
constitution expressed in Formula 1. 


N=CNIl2 

I I 

CHsC C-CH 2 SO 3 H 

II II 

N— CH 
I 


N: 




CH- 

"C== 


-s 

=c 


CHa CH 2 -CH 2 OH 

II 


Two syntheses of vitamin Bi have already been applied success- 
fully. They are as follows: 

I. Grewe's method.^®* 

NH 2 CN N=CNHo N=CNH 2 

I I I 1 H 2 I I 

CH 3 C -f- CCN CH 3 C CCN -4 CHsC CCH 2 NH 2 

II II II II II II 

NH CHOC 2 H 5 N— CII N— CH 

Williams, J. Am. Chew.. Soc., 57, 229 (1935); Williams, Waterman, Kcresztesy, and 
Buchman, zhtd., 67, 536 (1935). 

348 Windaus, Tsehesehe, and Grewe, Z. physiol. Chem., 228, 27 (1934); Buchman, 
Williams, and Koresztesy, J. Am. Chem. Soc., 67, 1849 (1935). 

(a) Clarke and Gurin, ibid., 67, 1876 (1935); (6) Tomlinson, J. Chem. Soc., 1030 
(1935). 

Clarke and Gurin, J. Am. Chem. Soc., 57, 1876 (1935). 

Grewe, Z. physiol. Chem., 242, 89 (1936). Synthesis accomplished only in part. 
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N=CNH2 • HBr N=CNH2 • HBr 
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N-CH Cl iH 2 CH 20 H 

Vitamin Bi Hydrochloride 

11 . Williams and Cline’s method. * ^ 

C.H..0CH2CH2C00C2H3+HC0QC2H.5 NaOC.H >C2H50CH2CC00C2H5 
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N CH 
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FOCI. 


CH3C CCH2OC2H3 CH3C CCH2OC2H5 ^ 

II II N CH 

N— CH N— CH 

N=CNH2HBr 

CH{C CCH‘>Br + 4-methyl-5-0-hydroxycthylthiazole — > 

'II II / 

N— CH 

N=C-NH2HBr 

I I ^ To vitamin Bi hydrochloride 

CH3C C-CH2-Nf 1 c,,H:,ON,ChS 

II II i 

N— CH Br 

CH3 CH2CH2OH 

The synthetic vitamin Bi hydrochloride was found identical with the 
natural vitamin in composition, ultra-violet absorption, and antineuritic 
potency. 

Williams and aino. J. Am. Chem. Soc., 58 , 1505 (1936) ; See also ibid., 58 , 1063 (1936) . 
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Oxidation of vitamin Bi leads to the formation of thiochrome found 
in yeast. Oxidation of vitamin Bi is accomplished successfully by 
action of potassium ferri cyanide in alkaline solution^ and also by 
treatment with porphyrexide.^^^ 


N=C— N— C— Ss 

11 \ /? 

CHaC C— CHa— N— 


C-CHaCHaOH 


N— CH CHa 

Dehydro vitamin Bi or thiochrome 
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INTRODUCTION 

The term alkaloid, meaning alkali-like, is applied to naturally occur- 
ring basic nitrogen compounds, and is, in general usage, limited to those 
of plant origin. Most of the alkaloids have the nitrogen atom linked 
in a cyclic structure, are optically active, and show marked physiological 
activity, although a few substances classified as alkaloids are excep- 
tional in respect to one or more of these characteristics. A variety of 
open-chain simple bases, as the cholines, amino acids, and phenylalkyl- 
amines, are distinguished from the true alkaloids by some authorities, 
under the name vegetable bases. The distinction is somewhat arbi- 
trary, and ephedrine, mescaline, and a few similar bases will be here 
treated as alkaloids. 

The nomenclature of the individual alkaloids has not been systema- 
tized, for historical reasons and because of the complexity of the struc- 
tures involved. A great many important alkaloids have received names 
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derived from those of plants, as papaverine, hydrastine, berberine. A 
few are named from their physiological action, as morphine, narcotine, 
and emetine; several from their physical characteristics, as hygrine and 
porphyroxine; only one, pelletierine, has been named for an alkaloid 
chemist. The name of the principal alkaloid with a prefix or suffix is 
often applied to the minor alkaloids found in the same plant, as for 
example in the cinchona series; related bases are sometimes named by 
transpositions, as narco tine, cotarnine, and tarconine. It is customary 
to designate isomeric new bases (often transformation products of the 
natural alkaloid) with such prefixes as iso, pseudo^ allopseudo, neo, epiy 
or with Greek letters (see the codeine isomers and the methylmorphi- 
methines, p. 1079), or occasionally with a suffixed Roman letter. 

The alkaloids as a class are well-crystallized colorless compounds; 
a few, notably arecoline, sparteine, the hygrines, and most members of 
the coniine and nicotine groups, are liquids. The liquid alkaloids are 
generally oxygen-free. Colored alkaloids are rare; berberine is yellow, 
and the salts of sanguinarine are copper-red. Nearly all alkaloids form 
crystalline salts, which arc often utilized in isolating or purifying the 
base; the acids usually employed are sulfuric, oxalic, perchloric, tar- 
taric, salicylic, and the halogen acids. Most alkaloids react with alkyl 
halides, especially methyl iodide, to give crystalline addition products. 
Secondary amines give with methyl iodide the N-methylated hydriodide, 
tertiary amines give methiodides, which are of importance for degrada- 
tive reactions. The so-called alkaloid reagents are used for the detection 
and often for the identification of minute amounts of the natural bases 
or their derivatives, and can be divided roughly into precipitants and 
color reagents. The precipitating reagents combine with alkaloids to 
give almost insoluble addition products, and thus may serve to demon- 
strate the presence of alkaloidal material, even in very small quantities, 
in drugs or plant extracts. A few of the reagents, however, are known 
to form precipitates with non-alkaloidal classes (proteins and glucosides). 
The alkaloid chemist utilizes the precipitants as convenient reagents for 
the approximate estimation of the amount of alkaloid remaining in 
aqueous solution after filtration or extraction. The precipitates often 
have a definite, constant composition, and can be employed for analysis; 
they sometimes crystallize in characteristic forms on the microscope 
slide, and pennit preliminary identification of the alkaloid. Among 
the more important precipitating reagents may be mentioned Mayer^s 
(potassium mercuric iodide), Sonnenschein’s (phosphomolybdic acid), 
Knorr^s (picrolonic acid), Hager's (picric acid), Wagner's (potassium 
triiodide), Dragendorff’s (potassium bismuth iodide), Scheibler's 
(phosphotungstic acid), and Bertrand's (silicotungstic acid); further, 
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chloroplatinic and chlorauric acids, which are adapted to analytical use. 
In individual cases the precipitating reagents, especially picric acid, 
have been used to separate mixtures of alkaloids. 

The color reagents mostly consist of dehydrating or oxidizing agents, 
or combinations of these, to which aldehydes may also be added. The 
alkaloidal residue obtained by evaporation of solutions in a porcelain 
dish is moistened with the reagent, and often warmed, and the color 
produced is compared with that from known samples. In certain cases, 
as for example, Lautenschlager’s diazosulfanilic acid reagent for mor- 
phine, dilute solutions are employed, and the amount of alkaloid present 
can be determined with the colorimeter. The common color reagents 
are concentrated sulfuric acid solutions of such substances as formalde- 
hyde (Marquis’ reagent), nitric acid (Erdmann’s), potassium dichromate 
(Luchini’s), potassium permanganate (Wenzell’s), or molybdic acid 
(Frohde’s). 

Alkaloids are found almost exclusively in phanerogams,, the seed- 
bearing plants, for the most part in dicotyledons, seldom in monocotyle- 
dons; occurrence in cryptogams is rare (ergot). , The same species or 
genus may contain many different alkaloids, whic^%fe,.hbwever, usually 
related in structure. From the opium poppy, fqjf^anif^i ten members 
of the benzylisoquinoline group have been isolate^ ^which differ chiefly 
in the nature of peripheral groups, or in the degree of jhydrogenation of 
the nucleus. The four morphine-type alkaloids* found in the same 
plant differ from each other in the same way, anJ'm theory, at least, 
can be related to the benzylisoquinoline group by the establishment of 
a single new carbon-to-carbon linkage. It is indeed difficult to 

find any case where unrelated alkaloids occur in a single species. A 
given alkaloid is seldom present in different plant families; berberine, 
protopine, and the xanthine derivatives are exceptional in this respect. 
The alkaloidal content may be greatly influenced by selection and culti- 
vation; planters have been especially successful in increasing the 
quinine yield from the cinchona tree in Java. The function of alkaloids 
in the plant is still a subject of speculation. The alkaloids are generally 
concentrated in the living tissue at points of intense cell activity, whence 
they are often cast aside and stored in such dead structures as the seed 
hulls or outer bark. They are regarded as by-products of plant metab- 
olism (Tschirch), in contrast to the simple bases and betaines that 
probably constitute the building units for the formation of plant pro- 
teins. Other theories that have been advanced conceive alkaloids to 

^Gulland and Robinson, Mem. Proc. Manchester Lit. PhU. Soc., 69 , 79 (1925). 

*Sch6pf, Ann., 458, 211 (1927). 

• Awe, Arch. Pharm., 372 , 466 (1934). 
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be reserve materials stored for protein synthesis; protective substances 
discouraging animal or insect attacks; plant stimulants or regulators 
similar to hormones; or detoxication products, rendered harmless to 
the plant by methylation, condensation, ring closure, and other syn- 
thetic processes. 

Alkaloids occur usually in the form of salts of the common natural 
organic or inorganic acids, or of acids peculiar to the plant family, as 
meconic acid in the poppy, or (piinic acid in cinchona. Occasionally the 
alkaloids are present in the free state, because of extremely weak basic 
properties, e.g., narceine and narcotine. More rarely they exist in 
combination with sugars, for example the glucoalkaloid solanine, or in 
the form of amides (piperine), or esters (atropine, cocaine) of organic 
acids. The crude alkaloid is separabid from tho powdered plant parts 
by extraction with water, alcohol, or dilute acids (hydrochloric, sulfuric, 
or acetic) ; or the vegetable material may be treated with alkali and the 
alkaloid extracted by organic solvents. For volatile alkaloids (nicotine 
and coniine groups), steam distillation is employed: The crude mixture 
of alkaloids obtained by these methods always contains coloring matter 
and resins, and is gener illy purifunl by repeated crystallization of spar- 
ingly soluble salts. Adsorbing agents (charcoals) are frequently used 
to remove color; occasionally the colored impurities can be destroyed 
by oxidation, as is the practice in cocaine manufacture.** The individ- 
ual alkaloids are usually separated through differences in solubility of 
their various salts. The separation may sometimes be accomplished by 
utilizing differences in basicity of the alkaloids, i.e., fractional extraction 
or precipitation. In this method, which was developed by Gadamer, a 
solution of the mixed alkaloids in dilute acid is treated with successive 
small portions of ammonia or sodium hydroxide, and the liberated alka- 
loid is extracted with an organic solvent after each addition of alkali. 
The first fractions will contain the weakly basic alkaloids, the last 
fractions the more strongly basic. Ckmversely, a solution of the mixed 
alkaloids in benzene, ether, or chloroform may be extracted with many 
small portions of dilute acid, the strongest bases being extracted first. 

The first step in structure determination consists in isolating the 
nitrogen-containing portion of the alkaloid, whether by simple liberation 
from salts, or by hydrolytic processes as exemplified in the case of the 
glucoalkaloids and cocaine types. Hydrolysis of new alkaloids must, 
however, be employed with caution, since in some types of alkaloid 
structure, for example narcotine, hydrastine, thebaine, strychnine, the 
basic portion itself may be split or undergo racemization. After deter- 

^Schwyzer, “ Die Fabrikation der Alkaloide,” Springer, Berlin (1927); “ Die Fabri- 
kation pharmazeutischer und chemisch-technischer Produkte,” Springer, Berlin (1931). 
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mining the empirical formula and the optical rotatory power of the pure 
alkaloid, the chemist proceeds to ascertain the function of oxygen and 
nitrogen, how the molecule may be broken into simple fragments, and 
what the fundamental ring system may be. The presence of oxygen 
as a phenolic hydroxyl is shown by alkali-solubility, ferric chloride reac- 
tion, acylation, and alkylation; in the form of an alcoholic hydroxyl by 
reaction with phosphorus chlorides or thionyl chloride, by acetylation, 
or occasionally by dehydration or oxidation. Carboxyl groups (arecai- 
dine, narceine), confer solubility in sodium carbonate or ammonia, and 
their presence may be demonstrated by esterification. Ether-linked 
methoxyl groups and acetal-linked dioxymethylene groups occur fre- 
quently. Methoxyl groups can be estimated quantitatively by the 
method of Zeisel*'^’^' or of Vie bock, ^ which involves boiling the substance 
with concentrated hydriodic acid and determining the amount of methyl 
iodide formed. The detection and quantitative estimation of the methyl- 
enedioxy group are accomplished by reactions in which formaldehyde 
is split out by means of sulfuric acid.^ No other alkoxyl groups have 
ever been found, a fact that indicates the importance of fonnaldehyde 
in the phytochemical synthesis of alkaloids. Many alkaloid structures 
are so stable that methoxyl or methylenedioxy groups nmy split with- 
out other structural changes, whereby the corresponding hydroxy bases 
are obtained. For this purpose, constant-boiling hydrobromic acid, or 
aluminum bromide, have proved particularly useful. Carbonyl 
groups (cryptopine, narceine) may be identified by the usual methods; 
lactone (narcotine, hydrastine), lactam, or betaine (arecoline, hypaphor- 
ine) groups are usually detected by hydrolysis. 

The determination of methyl groups on nitrogen is carried out by the 
method of Herzig and Meyer, which consists in heating the alkaloid 
hydriodide at 200-300° and estimating the methyl iodide formed. This 
process may be carried out in combination with the Zeisel analysis for 
methoxyl groups. Occasionally the methyl group on nitrogen (higher 
N-alkyl groups are never found) can be replaced by hydrogen through 
the action of cyanogen bromide, nitrous acid, alkaline permanganate, 
or other reagents, yielding secondary amines. These are distinguished 
by nor prefixed to the alkaloid name, but the same prefix is sometimes 
used to designate bases obtained by demethylation at o.xygen. 

» Zeisel, Moymish., 6, 989 (1885); 7, 406 (1886). 

® Meyer, “ Analyse und Kon8titution.sermittlung organischer Verbindungen,” Springer,* 
Berlin (1922). 

^ Viebbek, B&r., 63 , 2818, 3207 (1930). 

« Schbpf and Thierfelder, Ann,, 497 , 22 (1932). 

® Mosettig and Burger, ./. Am, Chem, Soc., 62 , 2988 (1930). 

^“Heraig and Meyer, MoncUsh,, 18 , 613 (1894); 16 , 699 (1895); 18 , 379 (1897). 
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With few exceptions the nitrogen in alkaloids is in a ring structure, 
and can be only secondary or tertiary. It is often difficult to distinguish 
between these two forms. Tests for the secondary amino group which 
depend upon reactions of active hydrogen cannot be evaluated until the 
number of other active hydrogens in the molecule is known. Nitrogen 
is generally assumed to be tertiary if the usual reactions®* ^ ^ for sec- 
ondary nitrogen are negative.* The ability to form amine oxides with 
30 per cent hydrogen peroxide, and to react with 1,5-dibromopentane^^ 
with formation of pentane diammonium bromides, is sometimes used to 
characterize tertiary bases. The most generally applicable method for 
ascertaining structure is exhaustive methylation, also known as the 
Hofmann degradation (p. 713) . This depends upon the tendency of many 
quaternary ammonium hydroxides to decompose with loss of water and 
scission of a carbon-to-nitrogen linkage when heated, f and often gives 
immediate structural information. With an open-chain tertiary amine, 
a single methylation and decomposition suffices to eliminate nitrogen as 
trimethylamine. 


RCH2CH2N(CH3)2 RCH2CH2N(CH3)3l RCH2CH2N(CH3)30H 


RCH=CH2 + N(CH3)3 + H 2 O 


If, on the other hand, two of the nitrogen valences are involved in a 
hydrogenated ring structure, the first decomposition yields an unsatu- 
rated open-chain amine, with which the process must be repeated before 
nitrogen can be split out and the carbon skeleton exposed. 


y-CR2s^ 

/CHax^ 

yCHav 

CHa CHa 

CHa CHa 

CH 

CHa 

1 1 

1 1 

II 

CHa 

1 

CHa CHa 

CHa CHa 

CHa 

\n/ 

1 

CH 3 / 1 \OH 


/ 

N(CH3)2 


I CH 3 / I 

H CHs 


" Houben, “ Die Methoden der organ. Chemie,” 2nd. ed., Thieme, Leipzig (1925) 
Vol. IV. pp. 369, 502. 

12 Rosenthaler, “ Der Nachweis organ. Verhindungen,” 2nd ed., Enke, Stuttgart (1923), 
p. 514. 

* Such reactions must be interpreted with caution. Some tertiary bases (e.g., apomor- 
phine, morphothebaine) yield N-benzoyl derivatives through ring scission, 
von Braun, Ber., 41, 2156 (1908). 

t For a discussion of the probable mechanism see Schlenk-Bergmann “ Ausftihrliches 
Lehrbuch der organischen Chemio,” Deuticke, Leipzig and Vienna (1932), Vol. I, p. 55. 
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^CH2s^ ^CH2s^ 


CH 

CH2 

CH 

CH 

CH 

CH 

II 

1 — > 

II 

II 

II 

1 

CH2 

CH2 

CH2 

CH2 

CH2 

CH3 


/ 

H0'^^^(CH3)3 


See for example the degradation of pseudopelletierine to cyclooctadiene, 
p. 1035. In accordance with a suggestion of Willstatter,^^ the 
unsaturated amine formed in the first step of exhaustive rnethylation 
usually receives the prefix des-. The suffix -rnethinc is also sometimes 
used to designate these compounds (see the codeine series). Where 
nitrogen is linked in ring structures through three valences, three 
methylations and decompositions are necessary to eliminate the nitro- 
gen. This is true of canadine or tetrahydroberberine,^^ in which the 
following ring system is present: 


0 — 



The Hofmann degradation is not applicable to all types of alkaloids; it 
fails with unhydrogenated pyridine, quinoline, and isoquinolinc deriva- 
tives, and with hydrogenated quinolines. A useful modification, the 
Emde degradation, involves treating an alcoholic or aqueous solution 
of the quaternary halide with sodium amalgam. The Emde degrada- 
tion may yield the same degradation product as the Hofmann method, 
or a reduced derivative, sometimes a mixture of the two. It often suc- 
ceeds with ring systems that cannot be degraded according to Hofmann. 
Tetrahydrodimethylquinolinium halides, for example, split off methyl 
alcohol to give N-methyltetrahydroquinoline when heated with alkali. 
By Emde's process, the principal product is 7 -dimethylaminopropyl- 
benzene. 


Willstatter, Ann., 317 , 268 (1901). 

McDavid, Perkin, and Robinson, J. Chem. Soc., 101 , 1218 (1912). 
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With tetrahydrodimethylisoquinolinium halides, both methods yield the 
same primary product, (o-vinylbenzyl)-dimethylamine, but further 
degradation by Hofmann is unsuccessful, whereas application of the 
Emde method results in o-methylstyrene. ^ 




It has been discovered recently that some quaternary ammonium 
halides can be degraded smoothly by catalytic hydrogenation, but the 
method has not yet found application in the alkaloid series. 

Two other methods for ojxming nitrogen-containing rings (pp. 714, 
' 716) were devised by J. von Braun. ^ One of these, applicable to cyclic 
secondary amines, consists in treating the benzoyl derivative of the 
amine with phosphorus halides. From benzoylpiperidine for example, 
c-chloro-amylamine is obtained. 


H, 

H2 

/CH^v 

h/\h. 


CH, CH, 

1 1 


^2\N/B2 

CH 2 CI CH 2 

(!:oc.h, 

dj — CeHs 

n/ 

Jl 


CI 2 

C— CeH 


/CH=\ 

CHa CHj 


NH 

I 

COCeHj 


yCH 

CHj 

I 

CHjCl 


CH, 



Emde and Kull, Arc^. Pharm,, 272, 401) (1934). 

Emde, Ann., 391 , 88 (1912). 

Emde and Kull, Arch. Pharm., 274 , 173 (1930). 

von Braun, Bcr., 37 , 2915, 4723 (1904); 40 , 3914 (1907). 
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When the reaction is carried out at a higher temperature, 1,5-dichloro- 
pentane and benzonitrile are the products. The second von Braun degra- 
dation makes use of cyanogen bromide, CNBr. This reagent reacts with 
tertiary nitrogen compounds to break one carbon-to-nitrogen linkage, the 
cyano group becoming attached to nitrogen and the bromine atom to 
carbon. Cyclic N-alkyl compounds may be dealkylated with formation 
of a cyclic N-cyano derivative, or the ring may be opened with formation 
of a cyanamino derivative, depending upon the structural features 
adjacent to the nitrogen a tom. The cyanogen bromide degradation is 
of interest because it often succeeds with compounds that resist the 
Hofmann degradation, further, because it opens the ring at a different 
point from the latter. The degradation of hydrocotarnine (p. 1075), for 
example, proceeds thus:^^ 


V. Braun 


IhO 




TT 2 


V\/ 

! M 

OCRs 


Ih 

N— CHa 


-> Ih>c< 


/O— 




N< 


/CHa 


\::n 

OCHa 


Hofmann 'O- 


/\ /Cik 

/O— Y ^'CHj 




n(CHs)2 


OCHs 


Other vigorous degradations are often employed to determine the 
fundamental structures present. Oxidative methods have been widely 
used; see, for example, nicotine, cinchonine, papaverine. Oxidizing 
agents employed are chosen according to the degree of degradation 
desired and the stability of the structures present. JMild oxidizing 
agents, as silver acetate, mercurous acetate, or alkaline potassium ferri- 
cyanide, may cause only partial dehydrogenation. Chromic acid and 
alkaline permanganate have been used most frequently, and by control 
of temperature and concentration it is often possible to oxidize in steps 
until only the most resistant nuclei remain unattacked. Lead peroxide 
or manganese dioxide in sulfuric acid, nitric acid, hydrogen peroxide, and 
alkaline solutions of bromine or iodine have been used in individual cases. 
Distillation over hot zinc dust breaks the molecule down to stable ring 
systems; morphine gives phenanthrene, cinchonine fields quinoline and 
picoline, strychnine gives lutidine and carbazole. Other reductive 
methods, especially sodium and alcohol, and catalytic hydrogenation, 
have helped to establish relationships between alkaloids that differ in 

W von Braun, Ber., 49 , 2624 (1916). 
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degree of oxidation, or owe their isomerism to differences in the position 
of unsaturated linkages. Fusion with alkali, heating with bromine or 
phosphorus halides, and similar drastic reactions are often used in 
degrading the alkaloids to known substances. From the fragments 
thus obtained it is sometimes possible to make a reasonable structural 
picture of the alkaloid itself. 

The constitution of a considerable number of alkaloids is now known 
with certainty, and for many the structural formula has been confirmed 
by synthesis. Especially noteworthy arc the methods developed in 
recent years by C. Schopf and G. Hahn for the synthesis of alkaloids 
under conditions comparable to those existing in the living plant. 
These investigations, which bring welcome support to the inspiring 
speculations of Winterstein and Trier, and Robert Robinson, are sum- 
m'arized in the concluding paragraphs of this chapter. The discovery 
of new and often medicinally import-ant alkaloids is proceeding more 
rapidly than structure elucidation, and there still remain whole groups 
of long-known valuable alkaloids concerning wdiose structure there is 
little knowledge (for example, the aconite and veratrine groups), as well 
as many individual alkaloids whose empirical formula is still uncertain. 
There are few fields of organic chcanistry where so many unsolved prob- 
lems lie at hand. It is possible to discuss here only a limited number of 
the more important alkaloids, which have been chosen as representative's 
of various heterocyclic systems most freqiK'ntly found in nature'. Gaf- 
feine, theobromine, and the^ophylline, because of the'ir purine structure, 
are treated elsewhere (p. 974). Fe)r more complete information, the 
numerous exhaustive textbooks on alkaloids must be consulted. 

PHENYLALKYLAMINE GROUP 

The phenylalkylamine basevs ephedrine and horde'nine depart from 
the conventional alkaloid definition in possessing an open-chain amine 
structure. Ephedrine has in other respects typical alkaloid properties, 
and especially because of its physiological action deserves discussion 
among the alkaloids. Hordenine, l)ecause of its obvious relationship 
to the cyclic bases from Anhalonium varieties, is treated under the mescal 
alkaloids (p. 1063). 

Ephedra Bases. The Chinese herb known as Ma Huang, which 
has been used in the alleviation of a variety of ailments for some 
5000 years, consists principally of the dried parts of Ephedra sinica 

Henry, “ The Plant Alkaloids,” Churchill, London (1924); Schmidt-Grafe, ” Alka- 
loide,” Urban and Schwarzenberg, Berlin (1920); Seka, ” Alkaloide,” Urban and 
Schwarzenberg, Berlin (1927, 1933). Other textbooks and review articles are listed under 
” General References ” on p. 1112. 
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or E, equisetina. At least six bases are present, of which the most 
important is Z-ephedrine. It is accompanied by d-pseudoephedrine, 
Z-methylephedrine, d-rncthylpseudoephcdrinc, Z-noreph(Klrine and d-nor- 
pseudoephedrine. All these constituents, as well as their optical anti- 
podes and racemates, have been synthesized. 


H H 

C0H5C— C— CHa 

I I 

OH NHCH3 

I. Ephedrine 


OH H 

i 1 

CuHsC— C—CHs 


H NHCH3 

II. Pseudoophodrino 


Ephedrine contains two dissimilar asymmetric carbon atoms, so 
that four optically active isomcirs (p. 164) are possible. Of these, the 
natural base's /-(‘phc'drine and ei-pseudoephedrine are diasten'oisomers, 
and an* mutually interconvertible. Their optical opposites are known 
only by synthesis. The first structural dc'termination in the series was 
carried out by Ladenburg,-^ who succeeded in demonstrating the nature 
of d-pseudoephedrine. It is a secondary base containing an alcoholic 
hydroxyl group, as indicated by the formation of a nitroso derivative 
and a dibenzoyl compound. The presence of a methyl group on nitrogen 
is evident from the apfK'arance of rnethylamine when the base is degraded 
with hydrochloric acid, and the simultaneous formation of rnethylamine 
homologs shows that the methylamino group is not located at the end of 
a chain. Oxidation of pseudoephedrine gives benzoic acid or benzalde- 
hyde, pointing to a hydroxyl on the carbon adjacent to the benzene ring. 
Evidence from these degradations, therefore, shows the probable struc- 
ture for ephedrine and pseudoephedrine to be that of a propylbenzene 
carrying a hydroxyl and a methylamino group in the 1- and 2-positions 
of the side chain. 

The formulas derived for the ephedra bases from degradative reac- 
tions have been confirmed by numerous syntheses.-^ Spath and 
Gohring prepared all the ephedrine isomers from 1 -phenyl- l-methoxy-2- 
bromopropane. This was converted with rnethylamine to the corre- 
sponding 2-methylaminopropane, wdiich, on treatment with h^alrobromic 
acid, yielded 1-phenyl- l-hydroxy-2-methylaminopropane, racemic pseu- 
doephedrine. The racemic base was resolved into the known (natural) 
d-pseudoephedrine and its enantiomorph Z-pseudoephedrine, or isomer- 


Ladenbiirg and Oelschlilgel, Ber., 22 , 1823 (1889). 

“Eberhard, Arch. Pharm., 263 , 62 (1915); 268 , 97 (1920); Sp.ath and Goliring, 
MonaUh., 41 , 319 (1920); (d) Nagai and Kanao, Ann., 470 , 157 (1929); Manske and John- 
son, J. Am. Chem. Soc., 81 , 580 (1929); Skita and Keil, Ber., 62 . 1142 (1929). 
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ized to d,Z-ephedrine, which could likewise be resolved into the enan- 
tiomorphic c?- and U (natural) ephedrines. 

OCH 3 OCH 3 OH 

1 I I 

CeHsCH— CH— CH 3 CeHsCH— CH— CH 3 CoHsCH— CH— CH 3 

1 I I 

Br NHCH 3 NHCH 3 

rf, ^-Pseudoephedrine 

The action of acids converts Z-ephedrine to d-pseudoephedrine, and 
prolonged heating with hydrochloric acid reverses this change. The 
rearrangement apparently takes place through replacement of the 
hydroxyl group by halogen, followed by hydrolysis of the 1-phenyl-l- 
halogeno-2-methylaminopropane with inversion at the number one 
carbon atom.^^ The configuration of Z-ephodrine and of cZ-pseudoephed- 
rine as in fonnulas 1 and II was established by Freudenberg through 
relationships to synthetic material of known configuration. The 
synthesis of the natural ephedrine homologs is described ^ by Nagai 
and Kanao. 

Ephedrine has a strong mydriatic action. It contracts the blood 
vessels and causes a prolonged ris(^ in blood pressure. Its astringent 
action on mucous membrane is utilized in treating allergic conditions 
such as hay-fever and asthma, and in shrinking engorged nasal tissues. 


PYRIDINE GROUP— HEMLOCK, PEPPER, POMEGRANATE, 

ARECA NUT, AND CASTOR-BEAN ALKALOIDS 

Hemlock Alkaloids. The hemlock herb or spotted cowbane, 
Conium maculatum, contains five alkaloids, coniine CsHiyN, 7 -coniceine 
CgHisN, conhydrine CsHnON, pseudoconhydrine CgHnON, and N- 
methylconiine C^yHigN, in combination with malic and caffeic acids. 
Coniine was isolated in 1831, but its constitution was not determined 
until about fifty years later (Hofmann).-^’ Coniine is a strongly alka- 
line, dextrorotatory liquid, of penetrating odor and burning taste. 
When its hydrochloride is distilled with zinc dust, a new base, conyrine, 
containing six less hydrogen atoms, is formed. Conyrine can be reduced 
again to (optically inactive) coniine with concentrated hydriodic acid. 

CsHnN CgHuN + 6H 

Coniine Conyrine 

®^Emde, Hdv, Chim. Acta, 12 , 365 (1929); Emdo and Spaenhauer, iWd., 13 , 3 (1930). 

Freudenberg, Schoeffel, and Braun, J. Am. Chem. Soc., 64 , 234 (1932)* Freudenbera 
and Nikolai, Ann., 610 , 223 (1934). 

Hofmann, Ber., 18 , 6 , 109 (1886). 
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Further information on the structure of coniine was obtained by the 
oxidation of conyrine, which yielded a-picolinic acid. 


H2 


H 




H 

I. Coniine 


IH2-CH2“GH3 




^^>€H2-CH2-CH. 
11. Conyrine 


-COoH 


III. a-Picolinic Acid 


Since two carbon atoms were lost in the oxidation, conyrine was thus 
shown to be an a-propylpyridine. It was found not identical with the 
known a-isopropylpyridine and was therefore assigned the alternative 
formula, a-n-propylpyridine. Coniine is the dextro form of a-n-pro- 
pylpiperidine. 

Formula I is in accord with the behavior of coniine as a secondary 
amine in its reactions with acylating agents and with nitrous acid, and 
found confirmation in Ladenburg’s synthesis-" in 1886, the first synthe- 
sis of an alkaloid. In general, when pyridinium alkyl halides are heated 
under pressure, the alkyl group shifts to the a- or 7 -position, yielding the 
corresponding alkylpyridines. Ladenburg’s attempts to prepare cony- 
rine by this method failed because of Isomerization of the n-propyl group 
to isopropyl under the drastic conditions involved. The coniine syn- 
thesis was finally accomplished by condensation of a-picoline with 
paraldehyde and reduction of the condensation product to a-propylpL 
peridine with sodiiun and alcohol. The optically inactive product 
yielded on resolution with tartaric acid a dextrorotatory base identical 
with coniine (see also Hess).-^ 

7 -Coniceinc contains two hydrogen atoms less than coniine. It is 
optically inactive, hence the asymmetric carbon atom of coniine must 
be involved in the unsaturation; on reduction, 7 -coniceine gives d,l- 
coniine. 7 -Coniceine can be prepared from chloro- or bromo-coniine 
by the action of alkali, or from conhydrine by dehydration, facts which 
find an explanation in formula IV. 7 -Coniceine was synthesized by 
Gabriel.-^ 

Conhydrine represents a coniine in which an alcoholic hydroxyl group 
replaces a hydrogen atom in the side chain. The position of this 
hydroxyl was long uncertain, but has been proved by the identity of the 
product of N-methylation and oxidation, methylconhydrinone (VI) 

” Ladenburg, Ber.. 19 , 439, 2578 (1886). 

28 Hess and Weltzien, Ber., 53, 139 (1920). 

28 Gabriel, Ber., 42 , 4059 (1909). 
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Ha 

HaA 


H: 


i— C3H7 


H 

IV. 'V'-Coniceine 


Ha 

H2/V2 


Ha 


H 


2'xn/: 

H 


!— CH— C2H5 
H I 


OH 

V. Conhydrine 



VL Methylconhydrinone 


with the synthetic l-(a!-N-methylpiperidyl)-l-propanone.^^ Conhy- 
drine can be reduced to coniine. On oxidation it yields either the ketone 
d,/-conhydrinone, or pipecolinic acid; the former is identical with syn- 
thetic 1- (a-piperidyl) - 1-propanone . 

Pseudoconhydrine is a structural isomer of conhydrine, which it 
resembles closely. It can be transformed through iodoconiine to 
d-coniine, or dehydrated to pseudoconiceine, an isomer of the 7 -coniceine 
mentioned above. Spath*^^ showed by degradation that pseudocon- 
hydrine has the hydroxyl group in the piperidine ring, at the 5-position. 
The pseudoconhydrineme thine resulting from the first step in the 
Hofmann degradation was hydrogenated; the dihydro derivative, on 
oxidation yielded enanthic acid (n-heptylic acid), or on further degrada- 
tion gave 1,2-epoxyoctane. A portion of the dihydro methine, under- 
going the normal Hofmann degradation, gave 2-octanone, leaving no 
doubt as to the position of the hydroxyl in pseudoconhydrine. 


HQ/ 


j H, 

H 

y>. 

HQ/ 

Hjl^j^j-CHjCH^CH, 


H 

CHa^J^OH 

CII, 


CH 2 

Hv /\ 

>C CH 2 

HQ/ I I 

CII 2 CH2~-C8H7 

"n 

(CH,)2 


CH. CH2 

CH, iH,-C,H, in, iH,-C,H7 


N-Methylconiine occurs naturally in both d- and Z-forms. d-N- 
Methylconiine can be prepared from coniine by methylation, the d, Worm 
from the pomegranate alkaloid rnethylisopelletierine (p. 1036) by 
reduction. 

The conium alkaloids cause paralysis of the motor, nerve endings, 
and all are poisonous. The hemlock drink used in ancient times to 
inflict the death penalty owed its toxicity to these bases. 

»» Hess and Grau, Ann., 441 , 101 (1926); Spftth and Adler, Monatsh.. 63 127 (19331 
Spath, 5er., 66, 591 (1933). ’ ' 
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Pepper Alkaloids. The alkaloid piperine, C17H19O3N, occurs to the 
extent of about 5 to 9 per cent in the fruit of Piper nigrum^ the source of 
black and of white pepper; it is present in lesser amounts in other Piper 
species. The sharp taste of pepper is apparently not due to piperine, 
but rather to an isomer, chavicine.^^ A third base, piperovatine, is 
also known. 

Piperine is a very weak, optically inactive base, yielding on hydrolysis 
piperic acid and piperidine. The latter substance first became known 
from this source. Piperic acid is unsaturated, and adds four atoms of 
bromine or of hydrogen. On oxidation with permanganate, it gives 
piperonal, and finally piperonylic acid. Piperonylic acid breaks down 
to protocatechuic acid and carbonaceous products when heated with 
hydrochloric acid at 170°; conversely, it can be prepared from proto- 
catechuic acid by the action of methylene iodide and alkali. Its con- 
stitution as the methylene ether of protocatechuic acid is evident. 




HO- 

HO- 


-COOH 

I. Protocatechuic acid 


H2CX 


^o- 




-COOH 


II. Piperonylic acid 


Piperic acid differs from piperonylic acid by C4H4, which must be 
located between the aromatic nucleus and the carboxyl group in order 
to explain the oxidation of piperic acid. The formula thus obtained 
(III) was confirmed by Ladenburg’s synthesis. 

H2 


H; 

H 


-•XN/- 


Ho 


JH: 


H2C< 



CH- 

-CH 



CH- 

-CH ^ 

J 

II 

Lch 

II 

CHCOOH 



II 

-CH 

II 

CH— C 


III. Piperic acid 


IV. Piperine 


Piperine is the amide of piperic acid with piperidine, and was prepared 
by Rligheimer''^^ from piperoyl chloride and piperidine before either of 
the components had been synthesized. Except as a local irritant, 
piperine is practically without physiological action. 

Chavicine is the piperidine amide of chavicic acid. The latter 

Ott and Liidemann, Ber,, 57 , 214 (1924). 

Ladenburg and Scholtz, Ber., 27 , 2968 (1894). 

«Rilgheimer, Bcr., 15 , 1390 (1882). 
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is a geometrical isomer {cis-<^is form) of piperic acid {transdrans 
form).^^ 

Pomegranate Alkaloids. The bark of the pomegranate tree {Punica 
granatum) contains four or more low-melting or liquid alkaloids discov- 
ered in 1877 by Tanret, and named pelletierines in honor of the French 
alkaloid chemist Pelletier. The existence and nomenclature of some 
of the bases have been the subjects of considerable dispute, and only 
those of well-established constitution will l)e discussed here. 

The chief alkaloid, pseudopelletierine (N-methylgranatonine) , 
C 9 H 15 ON, contains two piperidine rings having nitrogen and two carbon 
atoms in common, and is closely related to tropinone (p. 1048). The 
nitrogen atom is tertiary, and carries a methyl group. The single oxygen 
atom is linked in a ketone group, which stands between two methylene 
groups, as is sliown by the ability of pseudopelletierine to form an 
oxime, and dibenzylidene or diisonitroso derivatives. By reduction at 
the carbonyl group, a secondary alcohol, methylgranatoline, is obtained. 
This base can be converted through a series of intermediates to grana- 
tanine, the parent substance of the series. Granatanine is a homolog 
of norhydrotropidine in tl'e tropine series. 


CH2— 

CH 

-CH2 

1 

CH2— CH— CH2 

1 1 1 

1 

CH2 

N-CH;, 
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1 

V,0 

1 1 I 

CH2 NH CH2 

1 1 1 
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CH2— 

1 

CH 

1 

-CH2 

1 1 1 
CH2— CH— CH2 


I. Pseudopelletierine 11. Granatanine 


The constitution of pseudopelleticadne rests upon degradations and 
synthesis. Distillation of granatanine hydrochloride over zinc dust 
gives a-propylpyridine, a d('gradation parallel to that of norhydrotropi- 
dine to a-ethyjpyridine.'^^ Pseudopelletierine yields on oxidation a 
dibasic acid, methylgranatic acid, which still has a piperidine ring intact 
and contains the samc^ number of carbon atoms as the starting material. 
Exhaustive methylation of methylgranatic acid leads through IV and V 


CH2— 

1 

CH CH2 

CH2- 

1 

— CH -CH2 

CH2 

1 

NCH3 COOCH3 

1 

CH2 

1 1 

N(Cn 3 ) 2 COOCH 3 

CH2— 

— CH COOCH3 

CH= 

= CH COOCH3 


III. Methylgranatic ester IV. Dimethylgranatenic ester 

Ott and Eiehlor, Bcr., 66 , 2653 (1922). 

Ciamician and Silber, Ber., 26 , 2738 (189.3). 

Ciamician and Silber, Ber., 27 , 2850 (1894). 
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to suberic acid,-^* demonstrating the presence of an unbranched eight- 
carbon chain in pseudopelletierine. 


CH2— CH=CH— COOH 
CH2 

I 

CH=CH— COOH 

V. Homopiperylenedicarboxylic acid 


CH2— CH2— CH2— COOH 

I 

CH2 

I 

CH2— CH2— COOH 
VI. Suberic acid 


Pseudopelletierine itself was degraded by Willstatter^® through 
methylgranatanine to cyclodctadiene, which could be reduced to cyclobc- 
tane, or dehydrogenatcHl (by the device described on p. 1049 for the 
tropilidene synthesis) to the cyclooctatetraene so significant to theoric^s 
concerning aromatic ring structure (p. 64). 


CH2— CH- 


-CH2 


CH2— CH- 
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CH2 N(CH3)20H CH2 CH2 N(CH3)2 CH2 


CH2— CH- 


-CH2 CH2— CH- 


-CH 


VII. Methylgranatanine 
methohydroxide 


VIII. des-Dimcthyl- 
granatanine 


CH=CH— CH2 

I I 

CH2 CH2 

I I 

CH2— CH=CH 

IX. Cyclooctadiene 


Pseudopelletierine was synthesized by Menzies and Robinson 
through a reaction developed as a result of theoretical speculations on the 
mode of formation of the alkaloid in the plant. Gluttiric aldehyde, 
methylaminc, and calcium acetonedicarboxylate were condensed, the 
product acidified, and the fna^ dibasic acid distilled in a high vacuum, 
yi(*lding pseudopelletierine. 
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The synthesis of pseudopelletierine by a parallel reaction, under strictly 
physiological conditions, is discussed at the end of this chapter. 

Piccinini, Gazz. chim. ital., [II} 29, 104 (1899) [Chem. Zentr., II, 808 (1899)]. 

39 WiUstatter and Waser, Ber.. 43 , 1176 (1910); 44 , 3423 (1911). 

Menzies and Robinson, J, Chem. «Soc., 125 , 2163 (1924). 
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Pelletierine (often called punicine), CsHjsON, is an aldehyde pos- 
sessing the carbon-nitrogen skeleton of coniine, to which it can be 
reduced. The oxime of pelletierine gives on dehydration a nitrile, which 
is saponifiable to pelletieric acid, identical with a-pip)eridylpropionic 
acid, whence the structure X follows for pelletierine. This alkaloid, 
in spite of its simple formula, has not been synthesized. 


H2 

H 2 


H 2 

/\ 


H 2 


1H2 


-CH 2 CH 2 CHO 


X. Pelletierine 


H; 

Ho! 


iH2 


-CH2CH2COOH 


XL Pelletieric acid 


H 2 

Hs/NHo 


H2kN/V7CH2COCH3 

H ^ 

(CH..,) 

XII. Isopellctierine (Methylisoi)clleticrine) 


Isopelletierine and methylisopelletierine occur in very small amounts 
in pomegranate bark. The bases nuxet readily with ketone reagents, 
and the course of oxidation shows that the carbonyl group must be in 
the side chain. Methylisopelletierine yields on oxidation N-methyl- 
pipecolinic acid, on reduction (i,i-methylconiine (p. 1032). 




H2 

CH2— 

-CH CH2 

1 1 

H2|^H2 

CHz 

1 

NCH3 CO 

1 1 

H2\xT/— CH2COOH 

CH2— 

-CH2 CH3 



CH3 


Xlla 

XITL N-Methylpipccolinic 


acid 


1 X 2 


H2 

1 X 2 


1H2 


k^;-CH2CH2CH3 

I 

CH3 

XIV. Mcthylconiine 


The position of the carbonyl group in the side chain was determined by 
Hess®°’^^ and Meisenheimer'*' through the identity of methylisopelle- 
tierine with l-(a-N-methylpiperidyl)-2-propanone. A slight rearrange- 
ment of the methylisopelletierine formula (Xlla) shows the relation- 
ship of the piperidine type pomegranate alkaloids to the condensed ring 
system of pseudopelletierine. 

Pelletierine, usually as a mixture of the pomegranate alkaloids con- 

Hess and Littmann, Ann., 494 , 7 (1932). 

Mcisenheimer and Mahler, Ann., 462 , 301 (1928). 
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sisting chiefly of pseudopelletierine and isopelletierine, is used as an 
anthelmintic; it acts specifically on tapeworms. 

Areca Nut Alkaloids. The fruit of the betel palm, Areca catechu, 
is used as a mild stimulant and narcotic by some 200,000,000 persons in 
India, the Philippines, and the islands of the Pacific and Indian Oceans. 
Betel chewing is one of the most widespread habits of man. The chew 
usually consists of a piece of areca nut rolled in a leaf of the betel pepper 
{Piper betle) with some lime and a little gambir, tobacco, or catechu. 
The combination is chewed throughout the day, and often held in the 
mouth at night. It stimulates excessive salivation, and the saliva is 
colored blood-red by the action of the lime and gambir on the coloring 
matter of the areca nuts. The teeth are blackened rapidly. The addict 
experiences a feeling of well being, good humor, and contentment. The 
craving for the drug is intense, but the habit does not appear to cause 
any degeneration."^^ Of the five alkaloids that have been isolated from 
areca nuts, arecoline is the most important in respect to physiological 
action, but other substances present in the nuts probably contribute to 
the intoxicating effect. 

Arecoline, C8H13O2N, is an optically inactive liquid base, present 
to the extent of about 0.1 per cent in areca nuts. On hydrolysis it is 
split into methyl alcohol and arecaidine, C7H11O2N, another alkaloid 
that is found in smaller amounts in the nuts. Arecaidine is amphoteric; 
it fonns salts both with acids and with alkalies. On esterification with 
methyl alcohol it is converted to arecoline. The nitrogen atom carries 
a methyl group that can be split off as methyl chloride by hydrochloric 
acid at 240°; on treatment with lime, methylamine is formed. 

The formula of arecaidine was thus resolved into 


CH3N<C5H7— COOH 

which led Jahns to the conception that it must be a partly saturated 
pyridine derivative related to nicotinic acid. This theory wiis confirmed 
by synthesis;'**^ nicotinic acid methochloridc, on reduction with tin and 
hydrochloric acid, yielded arecaidine. 

/V-COOH Hsr'^COOH 


V 


H; 




+ HCl 


CH3 Cl 

I. Nicotinic acid methochloride 


CH3 

II. Arecaidine 


Lewin, “ Phantastica. Narcotic and Stimulating Drugs,” Dutton, New York (1931). 
** Jahns, Ber„ 21 , 3404 (1888); 23 , 2972 (1890); 24 , 2615 (1891); ^rc^i. Pharm., 229 , 
669 (1891), 
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The optical inactivity of arecaidine leaves only the 2,3- and 3,4- 
positions in question for the double linkage. This uncertainty was 
eliminated by the synthesis of Wohl.^^‘^ Acrolein was converted by the 
action of alcohol and hydrogen chloride into /J-chloropropionaldehyde 
acetal, and two molecules of this product were condensed with methyl- 
amine. The resulting methylarninodipropionaldehyde diacetal gave on 
hydrolysis the dialdehyde, which underwent ring closure with loss of 
water, yielding the aldehyde corresponding to arecaidine. This was 
transformed through the oxime and nitrile to the acid, arecaidine. 


CH(OEt)2 (EtOzCH 

Clio Clio 

1 1 

(!;h2 (i;H2 - 

1 1 

CH 2 CH 2 

CH 2 CI II 2 CICH 2 

1 1 

CH 2 CH 2 

1 

N 

1 

1 

CHs 

CII 3 




CHj 

I 

CHj 


^CHO 


H/S— COOH 


"N" 

I 

CH, 


■N/"' 

I 

CH, 


Arecaidine can also be considered as the tetrahydro derivative of 
the betaine typ(‘, trigonelline (nicotinic acid methyl betaine). For 
arecoline, the corresponding quaternary ammonium formula (Ilia) is 
in better accord with the physiological action than the ester formula 


(III). 



n2/^coocH3 

Hj/^COO- 

Hsr^^^COOH 


H2xn)h2 

Hsxn/Hs 

1 

CH3 

/l" 

CHs CH3 

1 

11 

III. Arecoline 

Ilia 

IV. Guvacine 


Guvacine (norarecaidine) and guvacoline (norarecoline) are minor 
alkaloids, related as acid and methyl ester. The constitution of the 
pair is evident from the identity of guvacine with 1,2,5,6-tetrahydroni- 
cotinic acid, further from the conversion of guvacine into arecaidine by 
N-methylation. 

Arecoline stimulates salivation and perspiration; in larger doses it 
kills by respiratory paralysis. Areca nut (‘xtract, as well as arecoline, 
has vermifugal action and is used for this effect in veterinary medicine. 
Betel chewers, nevertheless, are often afflicted with intestinal parasites; 
the alkaloids probably reach the intestinal tract in too low concentration 
to be effective. 

Wohl and Johnson, Ber., 40 , 4712 (1907). 
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Castor-Bean Alkaloid. Ricinine, C8H8O2N2, occurs in the seeds 
and especially in the young plants of Ricinus communis (castor-oil 
plant); it is one of the few alkaloids that is found unaccompanied by 
others. Ricinine is optically inactive and so weakly basic that it forms 
no salts. 

When ricinine is distilled with zinc dust, pyridine is obtained; cata- 
lytic reduction, on the other hand, proceeds with addition of four 
hydrogen atoms (tetrahydroricinine) , facts that point to the presence 
of a dihydrogenated pyridine nucleus in ricinine. On treatment with 
alkali, ricinine yields methyl alcohol and the compound C7HGO2N2, 
which Wiis named ricininic acid (III) in the belief that ricinine was its 
methyl ester. With fuming hydrochloric acid at 150° ricinine (like- 
wise ricininic acid) gives carbon dioxide, ammonia, and the base 
Cr)H702N, which Spilth^® showed by synthesis to be 4-hydroxy-l- 
methyi-2-pyridone (II). 


OCH3 

1 

OH 

j 

1 

A 


0 



CHa 

1. Ricinine 

('Ha 

II. 4-Hydroxy-l-methyl-2-pyridone 


The ricinine structural problem was solved by a study of ricinidine 
(V), a product obtained by chlorination of ricininic acid with phosphorus 
oxychloride, and reductive elimination of chlorine. It was found that 
ricinidine, CtHgONo, could be hydrolyzed in two steps. The addition 
of one molecule of water gave an amide, C7HSO2N2 (VI), which in the 
second stage of hydrolysis lost ammonia and was transformed to a 
carboxylic acid (VII). 


OH 

I 

i 

CH3 

III. Ricininic acid 


Cl 

\^)=o 


CH3 

IV. Chlororicinidine 


/^^CN 

In/— ^ 


CH3 

V. Ricinidine 


Spilth and Tschehiitz, Monatsh., 42 , 251 (1921). 
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/V-CONH2 


/^r-COOH 


I 

CHs 

VI. l-MethyI-2-pyridone-3-carboxylic 
amide 




i=0 


I 

CHs 

VII. l-Methyl-2-pyridone-3- 
carboxylic acid 


The structure of the l-methyl-2-pyridone-3-carboxylic acid so obtained 
was demonstrated by synthesizing the three possible isomers. The 
formula thus derived for ricinine was confirmed by Spath’s synthesis of 
the alkaloid itself. A simple synthetic procedure devised by 
Schroeter^® is based on the observation that spontaneous pol5anerization 
of cyanacetyl chloride results in 2,4-dihydroxy-6-chloronicotinic acid 
nitrile (VIII). On methylation, this substance reacts in a pyridone 
form, yielding an N-methyl derivative (IX) ; from the latter, by dehalo- 
genation (formation of ricininic acid III) and further methylation, 
ricinine is obtained. 


OH 

I 

/\— CN 


Cl—! 




,L-OH 


VIII 

Chloronorricinine 


OH 



I 

aia 


TX 

Chlororicininic 

acid 



OH3 


111 

Ricininic acid 


OCH3 



CH3 

I 

Ricinine 


Ricinine is mildly poisonous, but the toxic properties of castor beans 
appear to be due to a phytotoxin, ricin, of unknown nature. 


PYRROLIDINE GROUP 

Hygrine Alkaloids. Hygrine, CsHsON, occurs in the leaves of the 
Peruvian coca shrub, Eryihroxylon coca, frotn which it is obtained as an 
oily fraction along with some cuscohygriiie, after the alkaloids of the 
cocaine group have been removed. Hygrine is one of the liquid alka- 
loids, and is optically active. The nitrogen atom carries a methyl group, 
and oxygen is present in ketone form. 

The structural formula of hygrine is based upon the relationship to 
hygrinic (hygric) acid and upon synthesis. By oxidation with chromic 

Spilth and Koller, Ber., 56, 880, 2454 (1923); 68, 2124 (1925). 

Schroetor, Seidler, Sulzbacher, and Kanitz, Ber., 65, 432 (1932). 
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acid, hygrine is converted to hygrinic acid, C5H10NCOOH, a monobasic 
acid that breaks down on dry distillation into carbon dioxide and 
N-methylpyrrolidine. The ease of decomposition indicates the a-posi- 
tion for the carboxyl group; this was shown by Willstatter’s hygrinic 
acid synthesis to be correct. 


CH2— CH2 

I I 

CH2 CHCOOH 
\n/ 

CHa 

I. Hygrinic acid 


CH2— CH2 

I I 

CH2 CHCH2COCH3 

\n/ 

CHa 

II. Hygrine 


Hygrine differs from hygrinic acid by a C 3 H. 3 O group in place of 
carboxyl. For this group only the forms — CO(' 2 H 5 and — CH 2 COCH 3 
are possible; the choice of the latter rests on the (racemic) hygrine 
synthesis of H(‘ss. Pyrrylmagnesium bromide^ was triaited with propyl- 
ene oxide, yielding l-a-pyrryl -2-propanol, from which the corresponding 
pyrrolidine derivative (IV) was obtained by catalytic hydrogenation. 


1 


C 4 H 4 NMgBr+CH 2 — CHCHa 


(-hHo.O) 
> 


^0^ 


(,j^/CH2CHOHCll3 — > 
H 


III. 1 -a- Pyrry 1-2-propanol 


CH2— CH2 

1 I 

CH2 CHCH2CHOHCH3 

\n/ 

H 

IV. l-a-Pyrrolidyl-2-propanol 


CH2— CH2 

HCHO i ! 

> C'H2 CHCH2COCH3 



CHa 


II. c?, /-Hygrine 


The p 3 a*rolidine imino group was methylated with formaldehyde by the 
Eschweiler reaction, whereby the secondary alcoholic group unexpect- 
edly contributed its hydrogen atoms toward formation of the methyl 
group, and appeared as the hygrine carbonyl in the end product.* 

Willstatter, Ber., 33. IIGO (1900). 

^OHess, Ber., 46 , 3113, 4104 (1913). 

* The Eschweiler method for the methylation of primary or secondary amines consists 
in heating the amine with formaldehyde. The hydrogen necessary for the formation of 
the methyl group is supplied by the excess formaldehyde, which is oxidized to formic acid 
or to carbon dioxide. [Eschweiler, Ber., 38 , 880 (1905); Hess, Ber., 46 , 4104 footnote 
(1913)]. 
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Attachment of the hygrine side chain to the a-carbon atom of the 
pyrrolidine nucleus suggests a phytochemical relationship between 
hygrine and tropinone."*® 


CH 2 

CH CH 2 


1 1 
N— CH 3 CO 

CH 2 

1 1 
— CH 2 CHs 


Hygrine 


CH 2 - 


-CH- 


-CH 2 


N— CH 3 CO 


CH2 


I 

-CH- 


-CH 2 


Tropinone 


Stachydrinc is the methylbetaine of hygrinic acid and occurs rather 
widely in nature (chrysanthemum, alfalfa, citrus, and Stachys varieties). 

Cuscohygrine, C13H24ON2, is found chiefly in the so-called cusco 
coca leaves. It is an optically inactive diacid base, closely related to 
hygrine. The action of alcoholic alkali degrades it in part to hygrine, 
and like hygrine it can be oxidized to hygrinic acid. Two formulas 
have been proposed for cuscohygrine: 


CH2— CH2 

I I 

CH2 CH— CH2COCH; 

\n/ 

( 1 :h, 


CH2— CH2 

!— (l:n <!:h2 

\n/ 

(*:h, 

Cuscohygrine 


CH2— CH2 CH2— CH2 



Formula V is in better accord with the formation of undecane and 6- 
undecanol in the Hofmann degradation of dihydrocuscohygrine (i.e., 
cuscohygrine reduced at the carbonyl group), which indicates an 
unbranched chain of eleven carbon atoms. Formula VI was advanced 
by Hess to explain the appearance of homohygrinic acid (N-methyl-a- 
pyrrolidylacetic acid) in Traube’s reaction * and of a supposed di-(N- 
methyl-a-pyrrolidyl) -methane in decompositions of cuscohygrine hydra- 
zone. ^ ^ Barring the possibility of a rearrangement during the Hofmann 
degradation, formula V seems the more probable for cuscohygrine. 


* Traube’s reaction [Ann., 300, 81 (1898)1 depends upon the ability of the hydrogen in 
methyl, methylene, or methenyl groups adjacent to a carbonyl group to react with nitric 
oxide in the presence of sodium ethoxide. From the number of moles of nitric oxide which 
react, and the nature of the products of subsequent hydrolysis, it is possible to distinguish 
between — COCH3, — COCH 2 — , and — COCH= groups. 

Hess and Bappert, Ann., 441, 137 (1925) ; Sohl and Shriner, J. Am, Chem. Soc., 5S, 
3828 (1933); Hess and Fink, Ber., 53, 781 (1920). 
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PYRIDmE-PYRROLIDINE, DIPYRIDINE GROUP 

Tobacco and Anabasis Alkaloids. The alkaloid nicotine, from 
Nicotiana tahaccum^ occupies a position of great commercial importance. 
The annual world production of tobacco for human consumption and 
insecticidal use is more than two million tons, corresponding to about 
sixty or seventy thousand tons of nicotine alkaloid. The base is com- 
bined in the plant with malic and citric acids and may be isolated by 
extracting the powdered leaves and stems with water, liberating the 
alkaloids with alkali, and distilling with steam. The crude nicotine is 
purified through the oxalate. It is also commercial practice to extract 
systematically with trichloroethylene a mixture of tobacco refuse, milk 
of hme, and sodium hydroxide. The solution is concentrated in a 
vacuum and extracted with dilute sulfuric acid, from which the nicotine 
is liberated with alkali and extracted into ether-petroleum ether mixture. 
Distillation of this solution under nitrogen yields nearly pure nicotine. 

Nicotine Ls a strongly btisic levorotatory liquid, miscible with water 
below 60° and above 210° in consequence of hydrate formation. Its 
structure has been shown both by degradation and synthesis. Oxida- 
tion with a variety of agents leads to nicotinic acid, /3-pyridinecarboxylic 
acid (IV). The alkaloid must therefore be a pyridine derivative carry- 
ing a CsHioN group in the /^-position. This side chain cannot consist 
of a piperidine nucleus, for nicotine behaves as a bi-tertiary base, that is, 
contains no >NH group; furthermore, the Herzig and Meyer deter- 
mination shows the presence of an N-methyl group. The methyl group 
cannot be attached to the pyridine nitrogen atom, so the C5H10N 
group is resolved into C4H7NCH3. These facts are best explained by a 
pyridine-N-methylpyrrolidine system. 


CH2— CH2 

CH CH2 

I 




CH3 

I. Nicotine 


The linkage of the p5rridine ring in the a-position of the pyrrolidine 
nucleus was shown by bromine degradation. Nicotine, on treatment 
with bromine, yields a dibromoketone, dibromoticonine. With barium 
hydroxide, dibromoticonine breaks down to nicotinic acid, malonic acid, 
and methylamine. 


w Pinner, Ber,, 26, 292 (1893). 
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0=c CHBr 0=C CHOH HOOC— CH2 

C=0 /N— COH C>=0 /\-COOH COOH 

\n/ 


CHs 

II. Dibromoticonine 


\n/ 

I 

CHs 

III. Intermediate 


W 
IV. Nicotinic acid 


NH2 

CH3 


Malonic acid 


The appearance of the three-carbon acid, malonic, shows that the carbon 
atom appearing in the carboxyl group of nicotinic acid must be the end 
atom of a chain of four carbons, which is possible only if the pyrrolidine 
ring is linked through an a-position. 

With weak oxidizing agents the mcthylpyrrolidine nucleus of nicotine 
is attacked, resulting in nicotyrine, a base that appears as an intermedi- 


^-\N/ 

CHs 

V. Nicotyrine 


ate in the nicotine synthesis of Pictet. This synthesis has its starting 
point in a reaction parallel to the formation of pyrrole through dry distil- 
lation of ammonium mucate. 


CHOH— CHOH— COONH4 

I 

CHOH— CHOH— COONH4 


CH=CH 

I 

CH=CH 


>NH -I- NHs + 4H2O + 2CO2 


By using the mucate of ^-aminopyridine, that is, by substituting the 
pyridine group for one hydrogen of ammonia in the above reaction, 
Pictet obtained / 3 -pyridyi-N-pyrrole. Pyrroles carrying carbon sub- 
stituents on nitrogen undergo on heating a rearrangement that involves 
a shift of the group from nitrogen to the pyrrole a-position, and /S-pyridyl- 
N-pyrrole was converted by this method to / 3 -pyridyl-a-pyrrole. 


nN/' 

CHOH— CHOH— C00NH3—C.,H5N 

1 

CHOH— CHOH— COONHs—CsHbN 

/9-Aminopyridine mucate VI. /3-Pyridyl-N-pyrrole 




Pictet and Rotschy, Ber., Zl, 1225 (1904). 
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/N- 

I 

V 


kN/ 

H 



f/\_, , 

I 

^N/ CH3 


V. Nicotyrine 


The potassium salt of the latter substance, when heated with methyl 
iodide, yielded nicotyrine methiodide, from which nicotyrine (V) could 
be obtained by heating with lime. By halogenation and reduction with 
tin and acid, the methylpyrryl nucleus alone of nicotyrine was hydro- 
genated, and the resulting d,^nicotine could be resolved with tartaric 
acid into d-nicotine and the familiar Z-nicotine. The reduction of 
nicotyrine can also be accomplished with catalytic hydrogen. 

The Pictet synthesis involves violent and complicated reactions 
which are of doubtful value for structural proof. A more transparent 
synthesis by Spath^ '' confinns, however, the accepted structure. Nico- 
tinic ethyl ester was condensed with N-rnethylpyrrolidone, resulting in 
the ketone (XI). The pyrrolidonyl ring of this ketone suffered scission 
and loss of carbon dioxide when heated with fuming hydrochloric acid, 
3 ielding the open-chain amino ketone (XII). By reduction of the amino 
ketone to the corresponding alcohol, iodination, and elimination of 
hydrogen iodide, the N-me thy 1 pyrrolidine ring of nicotine was con- 
structed in a manner that leaves no question as to its point of attachment. 


'^^^C00C2H5 


CH2— CH2 


1 I 

CO CH2 

\n/ 


IX. Nicotinic ethyl 
ester 


CHa 

X. N-Methyl- 
pyrrolidone 


1^— CO— CH — CH2 

I I 

V 

\n/ 

I 

CH3 

XI. /?-Pyri(i\i /3-N-mcthyl- 
a-pyrrolidonyl ketone 


CH2— CH2 

I I 

l^\— CO CH2 ■ 

/ 

NHCH3 


-CHOH 


-CHI 


XII. /3-Pyridyl 7 -methyl- 
amino-w-propyl ketone 


CH 2 — CHo 

^ I I 

r^N— CH CH2 

I 

I 

CHs 

I. Nicotine 


Spilth and KuflFner, Per., 68, 494 (1935). 

Spath and Bretschneider, Ber., 61, 327 (1928). 
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The synthesis of a-nicotine, a-pyridyl-a-N-methylpyrrolidine, which is 
not known to occur naturally, has also been accomplished. ® ® 

Pictet and Noga have deiscribed nicoteine, isonicoteine, nicotoine, 
nicotimine, and nicotelline as minor alkaloids. The most abundant of 
these, nicoteine, was shown by Ehrenstein^^ to be a mixture of two alka- 
loids, so that the existence of the rarer members as individuals may 
well be doubted. The so-called nicoteine was separated by fractional 
crystallization of the picrate into nornicotine and Z-jS-pyridyl-a-piperi- 
dine. The latter substance has the formula that had already been 
assigned without adequate evidence to Pictet’s nicotimine. Nornicotine 
can be prepared by demethylation of nicotine, or by total synthesis from 
pyridine. Both d- and Z-nornicotine have been found in tobacco. 
The constituents of tobacco smoke have been extensively studied. 
There appear to be at least eight bases present, of which myosmine and 
the three sokratines are responsible for the aroma. Myosmine has been 
shown to be a jS-pyridyl-a-pyrroline.^^ 


Nornicotine 


H2 

H2 

-fl2 





A 


H 

H 

! 




Myosmine 


H2 

H /^2 
H2 




H 

Nicotimine (Anahasine) 
O-Pyridyl-a-piperidine) 


As the chief alkaloid of the poisonous Asiatic plant Anabasis aphylla, 
Orechofif®^ isolated the base anabasine. This substance is identical 
with the above-mentioned Z-jS-pyridyl-a-piperidine. Its constitution 
could be shown by oxidation to nicotinic acid, and by dehydrogenation 
to a,/0-bipyridyl. 

Nicotine is one of the most poisonous alkaloids, the fatal dose for man 
being in the neighborhood of 40 mg. In smaller amounts it causes 
dizziness, perspiration, salivation, and int(istinal disturbances. d-Nico- 
tine shows only one-half the physiological activity of natural Z-nicotine. 
Anabasine, like nicotine, is very poisonous and has high insecticidal 
action. 


Craig, J. Am, Chem. Soc., 66, 1144 (1934). 

Ehrenstein, Arch. Pharm., 269 , 627 (1931). 

Craig, J. Am. Chem. Soc., 55, 2854 (1933). 

*®Spath, Marion, and Zajic, Ber., 69 , 251 (19.36). 

••Spath, Wenusch, and Zajic, Ber., 69, 393 (1936); Spath and Mamoli, Rer., 69 , 757 
( 1936 ). 

Orechoff and Menschikoff, Ber., 64 , 266 (1931). 



ALKALOIDS 


1047 


CONDENSED PIPERIDINE-PYRROLIDINE GROUP. BELLADONNA 
AND COCA ALKALOIDS 

Belladonxia Alkaloids. The roots and leaves of a number of solana- 
ceous plants, notably belladonna (Atropa belladonna) ^ henbane (Hyoscya- 
mus niger)j the thorn apple {Datura stramonium), and some Duboisia and 
Scopolia varieties, are rich in a series of therapeutically important alka- 
loids. Hyoscine and hyoscyamine occur in nearly all these plants, 
accompanied occasionally by atropine, apoatropine, norhyoscyamine, 
belladonnine, and meteloidine. The solanaceous plants are notorious 
hallucinants, the drugs of fanaticism. The group furnished the “ sor- 
cerer’s drugs ” of the Middle Ages, and Hyoscyamus, Datura, and 
Duboisia varieties are today smoked, chewed, or consumed in decoctions 
in parts of Egypt, India, South America, and Australia for the hallucina- 
tions and frenzy that they produce. ^ 

Atropine, C17H23O3N, is the racemic form of hyoscyamine. Although 
it is undoubtedly formed to a large extent from the latter base during 
isolation and purification, it has also been shown to exist as such in the 
plant. All the atropine of commerce is prepared by racemization of 
hyoscyamine with dilute alkali. Atropine is an ester; on hydrolysis it 
yields tropic acid, C9H10O3, and tropine, CgHisON. 

Determination of the structure of tropic acid offered little difficulty. 
This acid is converted by dehydrating agents to a-phenylacrylic acid 
(atropic acid), a type of change characteristic of j3-hydroxy acids, but 
not of a-hydroxy acids. Tropic acid must therefore possess formula II, 
for the only alternative (III) is that shown by synthesis to belong to 
atrolactic acid. 


CH2 

CH2OH 

CH3 

1 

rA-C 

(A— CH 

(A— COH 

1 1 

^ COOH 

1 1 

COOH 

1 1 

COOH 

I. Atropic acid 

II. Tropic acid 

III. Atrolactic acid 


Tropic acid was synthesized by Ladenburg from acetophenone.®^ It 
contains an asymmetric carbon atom, and to it hyoscyamine owes its 
optical activity. 

The basic portion obtained from the hydrolysis of atropine or hyoscy- 
amine, namely tropine, is optically inactive. The two asymmetric car- 
bon atoms in positions 1- and 5- compensate, and the 3-carbon atom is 
pseudoasymmetric. The molecule is symmetrical, and cannot be 

Ladenburg and co-workers, J5er., 13 , 2041 (1880); 22 , 2590 (1889). 
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resolved into active components. The tropine structural formula was 
developed chiefly by Merling and by Willstatter on the basis of the fol- 
lowing evidence. Tropine is a tertiary base containing an N-methyl 
group and an alcoholic hydroxyl. By gentle oxidation it is converted 
to a ketone, tropinone. 


CH2— 

— CH- 

— CH2 

7 

1 1 

2| 


NCH33CHOH 

6 

|5 

4 | 

CH2— 

— CH- 

— CH2 


IV. Tropine 


CH2— 

— CH — 

-CH2 

1 


1 

NCH3 

1 

1 

CO 

CH2— 

— CH 

1 

-CH2 


V. Tropinone 


This ketone forms diisonitroso and dibenzylidene derivatives, and there- 
fore has two methylene groups adjacent to the carbonyl. Tropinone 
gives on further oxidation a dicarboxylic acid (tropinic acid, VI) with 
the same number of carbon atoms, hence the ketone group cannot be in 
a side chain. Application of the exhaustive rnethylation process to 
tropinic acid yields pimelic acid (compare the degradation of rnethyl- 
granatic acid, p. 1034 ) containing a straight seven-carbon chain. Oxi- 
dation of tropinic acid, on the other hand, results in N-methylsuccin- 
imide, whereby the position of nitrogen is shown, and the pyrrolidine 
ring is revealed. 


CH2 CH CH2 

I I 

NCHa COOH 

I 

CH2 CH COOH 

VI. Tropinic acid 


CH2— CH2— CH2 

I 

COOH 

CH2— CH2— COOH 
VIl. Pimelic acid 


CH2— cC 
I >NCH3 
CH2-C<o 

VIII. N-Methyl- 
succinimide 


Tropine consists therefore of a fused piperidine-pyrrolidine skeleton 
in which the two ring systems have nitrogen and two carbon atoms in 
common. The esters of tropine, of which many have been prepared, 
are called tropeines; the most important synthetic ester is mandelyltro- 
peine, a powerful mydriatic known as homatropine. Atropine is 
d,Z-tropyltropeine, hyoscyamine is the levo form. 


CHa CH 

-CH2 

CH2OH 

1 

NCHs 

1 /H 
C^ 

()— CO— CHCflHs 

1 

CH2 CH 

1 

-CH2 



IX. Atropine, Hyoscyamine 


The preparation of atropine from tropine and tropic acid was accom- 
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plished by Ladenburg in 1879,®^ and both components were later synthe- 
sized. For the preparation of tropine, Willstatter® ^ chose suberone as 
the starting point. This ketone was converted to cycloheptene through 
suberol and suberyl iodide, or by exhaustive methylation of the amine 
resulting from reduction of suberone oxime. 


CH2— CH2— CH2 

I 

CH2— CH2— CH2 
X. Suberone 

CH2— CH2— CH2 
I ^CH 

CH2— CH2— CH^ 
XIII. Cycloheptene 



— CH2\ 

>CHOH 
— CH2/ 

XI. Suberol 


— CHax 

>CHI 

— CH2/ 

XII. Suberyl iodide 

CH2— CH2— CH2. 

I >CHBr 

CH2— CH2— CHBr/ 

XIV. Cycloheptene 
dibroDiide 


CH 2 — CH 2 — CH 2 , 

I >CHN(CH3)2 

CH 2 — CH=:CH/ 

XV. Dimethylaminocyclo- 
heptene 


CH2— CH2— CH 


Vh 


CH2— CH=CH/ 
XVI. Cyclohcptadione 


A second unsaturated linkage was introduced by the following ingen- 
ious device. Cycloheptene dibromide was treated with dimethylamine, 
yielding a tertiary amine, the rnethiodide of which could be degraded by 
Hofmann’s method (p. 1024) to trimethylamine and cycloheptadiene. 
Cycloheptadiene dibromide suffered lo.ss of hydrobromic acid in the 
presence of quinoline to give cycloheptatriene (XVII), identical with 
the tropilidene already known from the degradation of tropine. By 
addition of hydrogen bromide and subsequent reaction with dimethyl- 
amine, cycloheptatriene \\ i\s converted to the amine, a-methyltropidine. 
Partial reduction of a-methyltropidine, addition of bromine, and rear- 
rangement of the dibromo compound led to 2-bromotropane rnetho- 
bromide, containing the desired nitrogen bridge. 


CH2— CH=CH CH2— CH - 


CH=:CH- 


I 

N(CH 3)2 CH 


-CH CHo— CH- 


. & 


CH2— CH= 


=CH CH 


-CHo 

I 

N(CH 3)2 CH2 - 
-CHlJr djHBr 


XVII. Cycloheptatriene XVIII. o-Methyltropidine XIX. Methyltropane dibromide 


CH2— CH- 


N: 


/ 


(CHs )2 


CH 


2— (ii 


-CH2 

in. 


CHr 


-CH CH2 

NCHa in 


^Br I 

3H CHBr CHr- CH CH 

XX. 2-Bromotropane methobromide XXI. Tropidine 


CH2— CH CH2 

NCH3 (^HBr 

! I 

CHj— CH CHs 


XXII. 3-Bromotropane 


Ladenburg, Ber,, 12 , 941 (1879). 

“ WillBtatter, Ber., 34 . 131, 3163 (1901); Ann., 326 , 23 (1903). 
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CHj— CH— 

llcH, 

CHs— < 1 ;H— 


-CHj 

(inoH 


CH2— CH CHj 


NCH, 

, I 
CHj— CH— 


io 

-in* 


XXIII. Pseudotropine 


V. Tropinone 


CH 2 — CH CH 3 

I i/OH 
NCH, C<^ 

CHr-^H — 

IV. Tr opine 


From 2-bromotropane methobromide, hydrogen bromide was eliminated 
by the action of alkali, giving tropidine methobromide. Through the 
usual steps for converting a quaternary halide to the tertiary base, tro- 
pine methobromide was transformed to the methochloride and the latter 
distilled; tropidine (XXI) and methyl chloride were the products. From 
tropidine and hydrobromic acid, 3-bromotropane was obtained, which 
on hydrolysis with dilute sulfuric acid yielded instead of the expected 
tropine, the stereoisomer, pseudotropine. Pseudotropine was therefore 
oxidized to tropinone, which could then be reduced to tropine. 

Another synthesis of extraordinary simplicity and elegance was 
devised by Robinson. Succinaldehyde, methylamine, and acetone 
(or better, calcium acetonedicarboxylate), on standing in alkaline solu- 
tion gave tropinone. 


CH2- 

— CHO 

HCH2 

1 


H2NCH3 

1 

CO 

CH2— 

—CHO 

1 

HCH2 


CH2— 

— CH — 

-CH2 

1 


1 

NCH3 

1 

1 

CO 

CH2— 

-in— 

1 

-CH2 


A later synthesis by Willstatter likewise has its starting point in acetone- 
dicarboxylic acid. The success of Schdpf in carrying out the Robinson 
synthesis under physiological conditions (p. 1108) makes it seem probable 
that the plant employs a similar method. 

Scopolamine, also known ^xs hyoscine, is an ester of the optically 
inactive amino alcohol scopine (XXV) with Z-tropic acid. 


CH 



\l 

CH 


-CH— CH2 

I I 

NCH3 CH— OCO— CH— CeHs 

I I 1 

CH CH2 CH2OH 

XXIV. Scopolamine 


Scopolamine is levorotatory, but is racemized with great ease, the d,l- 
form being atroscine. By hydrolysis of scopolamine under very mild 
conditions, with pancreatic lipase or with Michaelis’ buffer solution, 
Willstatter,®^ was able to obtain scopine itself (XXV). The latter 

Robinson, J. Chem. Soc., Ill, 762 (1917). 

Willstatter and Pfannenstiel, Ann., 422 , 1 (1921). 

Willstatter and Berner, J5er., 56 , 1079 (1923). 
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undergoes rearrangement with great ease into scopoline (oscine), which 
is the basic product obtained when scopolamine is hydrolyzed in the 
usual way. 

HO— CH CH CH2 

NCH3 CH — 

I I 

CH CH CHa 

I 

0 1 

XXVI. Sco})oline 


/ 


CH CH- 


-CH2 


O 


NCH3 CHOH 


CH CH- 


-CH2 


XXV. Scopine 


Apoatropine (atropamine), found in belladonna root, can also be 
obtained from atropine or hyoscyamine by the action of dehydrating 
agents. It is an ester of tropine and atropic acid (a-phenylacrylic acid, 
I), and was obtained by combining these two substances before it was 
found in nature. 

Belladonnine is an isomer or polymer of apoatropine and was first 
isolated from belladonna root. It can be prepared by the action of hot 
baryta water on apoatropine. By vigorous hydrolysis with hydrochloric 
acid it can be broken down to 3 -chlorotropane, showing that it contains 
the tropine nucleus.^’® 

Norhyoscyamine (pseudohyoscyamine) , from DuboisiUj Scopoliay 
and Datura varieties consists of tropic acid esterified with nortropinc 
(tropigenine), a tropine containing the >NH group in place of >NCH3. 
Norhyoscyamine can be racemized easily to the corresponding d,Worm, 
norat ropine. The latter probably does not occur in nature but appears 
as a result of racemization of the active form. 

Meteloidine is a rare alkaloid of Datura ineteloides and is an ester of 
tiglic acid with teloidine. Teloidine is believed to be dihydroxytropine 
and is closely related to scopine and scopoline. 

HO— CH— CH CH2 

I I 

NCH3 CH0C0C=CHCH3 

I I 1 

HO— CH— CH CH2 CH3 

XXVII. Meteloidine 


The alkaloids of the atropine group dilate the pupil and paralyze the 
accommodation muscles of the eye. Atropine thus finds extensive use 
in ophthalmic practice. It has a stimulating action on the cerebrum 
and respiratory center. Hyoscyamine resembles atropine, but is 

•• Polonovski, Bull. soc. ehim., [4] 45 , 304 (1920). 

"King, J. Chem. Soc., 115 , 476 (1919). 
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stronger in action. Scopolamine has a stupefying effect, and is often 
used in combination with morphine, as well as in the treatment of 
morphinism. 

Coca Alkaloids. The leaves of Erythroxylon com, which have been 
used as a stimulant by the South American Indians for centuries, contain 
as the active principle cocaine, with which is associated a number of 
other alkaloids of closely related structure. The great importance of 
cocaine in medical practice has resulted in extensive cultivation of sev- 
eral Erythroxylon species in Peru, Bolivia, Java, and Ceylon. The 
legitimate world production of cocaine has dropped from 6434 kg. in 
1929 to 4010 kg. in 1933, probably iM^caiise of increasing use of substi- 
tutes and more effective control of international trade. The illegitimate 
production is large, and is unofficially estimated at 15,000 to 20,000 kg. 

Cocaine, C 17 H 21 O 4 N, is an ester and is hydrolyzed by boiling winter 
into benzoyl-^-ecgonine and methanol, or by acids and alkalies into 
Z-ecgonine, benzoic acid, and methanol. 

C17H21O4N + 2 H 2 O -> CyHi 503 N -f C7H0O2 + CH3OH 
Cocaine i-Ecgonine Bc^nzoic acid 


This process may be reversed, and in commercial practice it is customary, 
especially with Java leaves, to hydrolyze all the (‘Cgonine derivatives 
present (including the cocaine) to ecgonine. 1 'his l)ase is then benzo- 
ylated with benzoic anhydride and the Ixuizoyleegonine esteriiied with 
methanol and acid; methylation followtal by Ixuizoylation is also 
employed. An amount of cocaine con.sideral)ly greater than that orig- 
inally present in the leaves is thus obtained. 

Ecgonine is a tertiar>^ Imse and foniLS fiuaternar>’' halides with one 
mole of alkyl halide. The pre.sence of the carboxyl and alcoholic 
hydroxyl groups is evident from the esterification reactions mentione<l. 
The structural skeleton of ecgonine was disclosed through relationships 
to tropine. With dehydrating agents ecgonine passes into anhydroec- 
gonine, an unsaturated acid, which decomposes in the pn'sence of 
hydrochloric acid at 280° into carbon dioxide and tropidine. The con- 
stitution of tropidine is discussed under the atropine group. 


CH 2 — CH CHCOOH 

7 |1 2| 

NCH3 3 CHOH 

6 1.5 4I 

CH2— CH CH2 

I. Ecgonine 


—CHCOOH 

"1 

3CH 



11. Anhydroccgoninc 


CH2— CH CH2 


NCHa C-H 


CH2— CH- 


-CH 


III. Tropidine 


The position of the hydroxyl and carboxyl groups of ecgonine rests 
on the following considerations. Ecgonine, like tropine, yields by 
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chromic acid oxidation tropinone, and since the carbonyl can scarcely 
be formed except by oxidation of the alcoholic group, ecgonine must have 
the hydroxyl in the same position as has tropine. Willstatter"^^ was 
able to demonstrate that the oxidation of ecgonine proceeds through an 
intermediate keto acid, which loses carbon dioxide with great ease. 
The appearance of the keto acid excludes the possibility that the carboxyl 
and hydroxyl groups occupy the same carbon atom. Location of the 
carboxyl in a 7 -position to the hydroxyl is not in accord with the insta- 
bility of the intennediate acid, hence only a 0 -posit ion comes into 
consideration. 

Tropane, the parent substance of the ecgonine s(Ties, contains two 
asymmetric carbon atoms, C -1 and C-5, to which the nitrogen bridge 
is attached. These asymmetric atoriLs are (‘(pial and opfK)site in th(‘ir 
rotatory j)ower, which results in internal compensation. Tropane is a 
meso-form, and has a symmetrical molecule. 




When a hydroxyl group appears on C-3 (as in tropine), the sTOimetry 
of the molecule* is not de\stroyed; C' 3 in tropine is j>seudoasym metric. 
I'he hydroxyl may occupy two |K>sitions with ref(*renc(‘ to the nitrogen 
ring, giving rise to tro|)ine and i)seudotropine, which are cis-tran^ 
isonu'rs and not o[ 7 ticaI opfKJsites. 


CH2— CH ("H2 

i I 

NCHa Clh 

I I 

CHo-CTI CII2 

VI. Tropane 


CH.— CH CU 2 

1 i /OH (H) 

NCHa C< 

I I Ml (OH) 

ch2—c:h — (^ H ,> 

VII. Tropine, Psinulotropine 


The presemet^ of a carl)oxyI group in tlu* tropine or pseudotropine 
framework dc^stroys the symmetry of the molecule. In addition to the 
new asymmetric atom carrying the carboxyl, carbon-3 now becomes 

W’illjitiUtor and MlUier, fier., 51 , 2655 (1898). 
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truly asymmetric, and the asymmetric atoms 1- and 6-, carrying the 
nitrogen bridge, become dissimilar. Sixteen optically active isomers 
would be expected, but C-1 and (^ 5 can have only one configuration 
because of the restriction imfiosed by the nitrogen bridge. Therefore 
only eight optical isomers and four racemates can exist. ^ 7 a ^ 
vertical projection of the three tropanc ring planes of Figs. IV and V 
shows these isomers thus : 


HaCN^ 


HaCN 



HaCN^ 


HaCN^ 


HOOC HO OH COOH 

Tropano-3-a.s-<)l-2-n‘,v-carl>()xylic acid 

HOOC COOH 


HO OH 

Tropano-3-c»j-<)l-2-/rrtn.i-<-;irl>oxy!ic acid 

HO OH 


HOOC COOH 

Trop.nn(‘-3-/ran,s-<)I-2-n.‘i-c,‘irl«>xylic arid 

HOOC HO OH COOH 


Tropan(‘-3-(ra7i»-ol-2-/r(i7i.i-onrl)()xylir acid 


-NCHs 


NCH3 


^NCH3 


^NCHa 


The synthesis of ecgonine tiiroiigh reduction of t ropinonecarboxylic 
ester (VIII to IX) led to th(‘ isolation of a rac(*mic ecgonine methyl 
ester belonging to the pseudo seri(\s. ( )n resolut ion tlie racemate yielded 
d-pseudoecgonine methyl (‘ster and the corr(‘SfX)nding /-fonn, from 
which d-pseudococaine (tin* drug Psicain) and /-pseudococaine, respec- 
tively, could be prepared by benzoylation. In tlu* same n^duction two 
other racemates were formed. One of ihvno has not lx‘en it^olved. 
The other belongs to the tropine seri(*s and after benzoylation was 
resolved into rf-cocaine and the naturally occurring /-cocaine.’'^ 

Willstiitter and Bomraor, Ann., 412. 15 (1921). 

Mannich, Arch. Pharm., 172, 324 (1934), 

Wlllstatter, Wolfea, and M&der, Ann., m. Ill ( 1933 ). 
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CHz— CHO 


CH2COOCH3 


CHr- CHO 
Succinaldehyde 


H2NCH3 


Methylnmine 



CH2COOH 

Acfton«jicart>oxylic acid 
inonomcthyl oiU-r 


CHz— CH CHCOOCH3 

I I 

NCH3 CO 

I I 

CH^-CH CH2 

VIII. Tropinonecarboxylic ester 


CH2— CH~CHC00CH3 

i i 

XC’Ha CHOH 

i ! 

CH2— CH-- ('H2 

IX. Harcrnif (‘CKonino and 
[^‘udcKK’gonine ester 


a-Ecgonino is an isomer of eegonine in which both the hydroxyl and 
carlK)xyl gn3ups arc located on carlx)n-3. It wits prepared by addition 
of hydrogen cyanide to tropinone and hydrolysi.s of the n‘sulting 
cyanohydrin. 

/-Cinnarnylcocaine is the faster of niethyl-/-4'Cgonine with cinnamic 
acid. It is tlie chi(*f alkaloid of Java coca lea\'(\s (Erythroxylon 
truxilleme). 

a-Tni.villine, also known as cocamine or -y-Lsatropylcocaine, is an 
ester of two molecuk's of m(‘tliyl-/-<'Cgonine with one molecule of a-trux- 
illic acid. d-Truxilline (Isococamine or ^Lsatnjpylcocaine) is the analo- 
gous ester with i£^-lruxillic acid, lioth truxilliiu^s an* pn;*s<*nt in Peruvian 
heart's . 

Tropacocaine, wliich occurs in Java and P(‘ruvian leaves, does not 
Ixdong to the (*cgonine stTit'S, but is a tropa a]kaloi<l. On hydrol3'sLs it 
yields Ixmzoic acid and iwxmdotropine. In addition to the above- 
mentioned alkaloids, ciwa also contaias small amounts of Ix^nzoyl-/- 
eegonine, and the hygriru* alkaloids, which have aliTa<l\’ lx‘im describc*d. 

Cocaine is an excetHlingl)’’ valuable (herajx'utic agent lx*cause of its 
paralyzing efitxit on s<»nsor>^ nerve endings, with whicli is combincxi a 
local vascxjonstriction. The latter action results in prolongation of the 
anesth(‘sia by diminishing the 8|xhh1 of alisorption; the d(‘la3’(Hl absorp- 
tion likewim^ decnnia'a syTStcmic toxicitv’ by |x*rinitting gradual destruc- 
tion of the drug. Cwaine caus€*s dilation of the pupils l)y central and 
pt^ripheral stimulation of the pupillo-dilator mechanism The ndatively 
high toxicity of cocaine and ita ability to produce a condinon of euphoria, 
often leading to habituation, have it'sulted in the s3'nthesis of numerous 
substitutes, as novocaine (the |Muninob('nzo3d derivative of diethylam- 
imx'thanol), /3-eucaine (bcmzoylvinyl diacetone alkamine hydrochloride), 
and Psicain (d-pseudococaine acid tartrate). Tropacocaine is said to 
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be more effective than cocaine as a local anesthetic, but has a disadvan- 
tageous hyperemic action. 


QUINOLINE GROUP. CINCHONA AND ANGOSTURA ALKALOIDS 


Cinchona Alkaloids. Quinine and cinchonine, together with some 
twenty less important alkaloids of related structure, are found in the 
bark of several species of Cinchona and Remijia, trees native to high 
altitudes in the Andes. The bark of cultivated specimens of C. ledgeriana 
grafted on C. succiruha, as is customary in Java, may contain up to 6 
per cent quinine, or total alkaloids up to 17 per cent. The famous 
ledgeriana graft “ 38n ’’ contained in the trunk bark 18.5 per cent 
quinine (as sulfate) at the age of seven years. The world production 
of quinine follows the demand closely, and averages between 600,000 and 
700,000 kg. of quinine sulfate annually, 90 per cent of which is from the 
Dutch East Indies. The bases are combined in the plant tissue with 
characteristic acids, chiefly quinic (tetrahydroxyhexahydrobenzoic) , 
quinovic (C30H46O5), and quinotannic (cinchotannic) acids. In com- 
mercial practice, the pulverized bark is steeped in slaked lime and 
sodium hydroxide, and extracted at 60° with aromatic solvents, as 
benzene or toluene. The mixed alkaloids are then extracted from the 
organic medium with dilute sulfuric acid. When this solution is 
brought nearly to the neutral point with sodium hydroxide, the sparingly 
soluble quinine sulfate, Q2H2SO4 • 8H2O, separates. The less valuable 
minor alkaloids are then precipitated with excess alkali. 

The parent alkaloid of the cinchona series, to which nearly half of 
the members are related, is cinchonine, CJ9H22ON2. Cinchonine con- 
sists of a quinoline nucleus linked through a secondary alcoholic group 
to a quinuclidine ring system carrying a vinyrgroup. 


CHOH-CH— N CH2 


/\/\ 


I 

CH2 

CH2 

I 

CH2— CH— CH— CH=CH2 

I. Cinchonine 


The usual analytical procedure shows the absence of methoxyl and 
methylimido groups in cinchonine. The presence of the secondary 


in Ahrens’ “Samml. chem. 


Comanducci, “Die Konstitution der Chinaalkaloide,” 
chem.-tech. Vortrage,” Vol. 16 , p. 141 ( 1911 ). 

” “ Chininum,” Bureau Tot Bevordung van het Kinine-Gebruik. Amsterdam (ig 23 ). 
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alcoholic group is evident from the results of acetylation and from the 
formation of the ketone, cinchoninone (VIII), in oxidation processes. 
The absorption of one mole of hydrogen by the catalytic method shows 
an ethylenic linkage. Cinchonine likewise adds halogens or halogen 
acids at the double bond. On treatment with hot concentrated alkali 
it is broken down to quinoline itself, or lepidine (4-methylquinoline) , 
as well as to other quinoline and pyridine derivatives. Zinc dust distil- 
lation yields chiefly quinoline; vigorous oxidation results in cinchoninic 
acid. 



II. Lepidine III. Cinchoninic acid 


The products of these degradations indicate a quinoline nucleus 
joined in the 4-position with a second heterocyclic ring. This other 
ring was designated for many years as the second half,’’ and substances 
derived from it were usually distinguished by the use of loipon or meros 
in their names. As fragments of the second half, Skraup was able to 
isolate after chromic acid oxidation the dibasic loiponic (C7H11O4N) 
and cincholoiponic (C 8 H 13 O 4 N) acids, and Koenigs found further a 
monobasic acid, meroquinene (C9H15O2N). 


COOH 


H 


H21 

H 


COOH 


H2 


H 

IV. Loiponic acid 


H 


CH2COOH 


H 

H 2 ! 


COOH 


IH2 


H 

V. Cincholoiponic acid 


H 


CH2COOH 


H21 

H 


H 


-CH=CH 2 


'H 2 


2\N/ 

H 

VI. Meroquinene 


Loiponic acid proved to be a labile form of the synthetically prepared 
hexahydrocinchomeronic acid (piperidine-3, 4-dicar boxylic acid).^^ Cin- 
choloiponic acid, a homolog of loiponic acid, can be converted by oxida- 
tion to loiponic acid, or by the action of hot sulfuric acid to 7 -picoline 
(4-methylpyridine). The structure developed for cincholoiponic acid 
(V) from these observations was confirmed by Wohl’s synthesis. 

The third product of cinchonine oxidation, meroquinene, furnished 
the key to the structure of the second half. On oxidation with perman- 

Koenigs, Ber., 30, 1326 (1897). 

Wohl and Losanitsch, Ber., 40 , 4698 (1907). 
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ganate, meroquinene yields cincholoiponic acid and formic acid, or by 
heating with hydrochloric acid it passes into 3 -ethyl- 4 -methylpyridine. 
These facts indicate that the vinyl group is in the jS-position to the nitro- 
gen atom in the second half. All three oxidation products under dis- 
cussion are secondary bases. The nitrogen atoms in cinchonine are 
tertiary, and since no N-methyl groups are present, the nitrogen in the 
second half must owe its tertiary nature to linkage in a condensed ring 
system. Oxidation of the second half to meroquinene involves oxida- 
tive scission of a ring, with formation of a carboxyl and an imino group. 


CH2— CH— CH— CH=CH 2 

7 4 | 3 

5CH2 

6CH2 

8 |l 2 

CH2— N CH2 


VII. /3-Vinylquinuclidinc 


Cn2-CH— CH— CH=CH2 

I 

CH2 

I 

CH2 

1 

HOOC N CH2 

I 

H 

VI. Meroquinene 


A quinuclidine ring synthesis leading to / 5 -ethylquinuclidine (which 
constitutes the second half in the natural alkaloids hydrocinchonine and 
hydroquinine) was accomplished by Koenigs."® 

The point of linkage of the quinuclidine group to the rest of the mole- 
cule was shown by Rabc^'‘^ in studies on quininone and cinchoninone, 
the ketones resulting from gentle oxidation of quinine and cinchonine, 
respectively. These ketones have a CH group adjacent to, and acti- 
vated by, the carbonyl group, and on treatment with amyl nitrite break 
down to quinoline acids (quininic and cinchorneronic, respectively) and 
an oxime (IX), 3 -vinyl- 8 -oximinoquinuclidine. 


CH 2 — CH~CIT— CH=CH2 




-» RCOOH + 


CH 2 — CH— CH— CH=CH 2 
CII. 

ii-H 


R— CO— CH— N CH 2 HON=C N CH^ 

VIII. Quininone, Cinchoninone IX. 3-Vinyl-8-oximinoquinuclidine 


The structure of the latter compound was (wident from the results 
of hydrolysis, which yielded hydroxylamine and meroquinene. The 
quinuclidine group must therefore be joined to the quinoline portion 
through a — CHOH— group attached to that carbon atom which 
appears as a carboxyl group in meroquinene. 

Koenigs and Bernhart, Ber., 38 , 3049 (1905). 

Rabe, Ann., 365 , 353 (1909); Ber., 41 , 62 (1908). 
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Cinchonine and the other alkaloids of the cinchona group containing 
a vinyl group may be oxidized to the class designated as ‘‘ tenines/’ 
Cinchotenine has a carboxyl group in place of the ^i-vinyl residue in 
cinchonine; from quinine and cupreine, quitenine and cuprotenine are 
obtained. 

The cinchona alkaloids are further characterized by the ease with 
which they undergo isomerization. Of the seventeen or more cinchonine 
isomers that have been described by various investigators, at least eight 
are individuals. The most important of these are cinchotoxinc and the 
natural alkaloid, cinchonidine, which also results from treatment of 
cinchonine with alkali. Cinchotoxine is a rearrangement product 
obtained by the action of heat on cinchonine salts; many of the cinchona 
alkaloids undergo a similar rearrangement to toxines, so called because 
of their poisonous properties. The isomerism is due to the following 
change, the so-called “ hy dr amine fission 

II II 

R— CHOH— CH— N— R— CO— CH 2 NH— 

Cinchonine Cinchotoxine 


The cinch onatoxines can be converted through the cinchona ketones 
back to the alkaloids, a fact of great importance for synthesis (p. 1060). 

Quinine, C 20 H 24 O 2 N 2 , is the most important of the cinchona alka- 
loids because of its extensive use as a febrifuge and antimalarial. Like 
cinchonine, quinine contains an alcoholic hydroxyl and a vinyl group, 
but possesses in addition a methoxyl group. By dernethylation with 
hydrochloric acid it is split to methyl chloride and apoquinine, a phenolic 
base isomeric with the alkaloid cupreine. In the dernethylation process 
a rearrangement takes place; methylation of apoquinine results in /3-iso- 
quinine, an isomer of quinine. The position of the quinim' methoxyl 
group is evident from the appearance of 6-methoxyquinoline-4-carboxylic 
acid (quininic acid) in oxidations of quinine. 


COOH 


CHsO-y^ 


X. Quininic acid 


The other products from the oxidation, namely mcroquinene, cincholoi- 


»0Rabe and Schneider, Ann., 366 , 377 (1909). 

Hesse, Ann., 206 , 322 (1880) ; 28 , 1301 (1895); Jarzyhski, Ludwiczakowna, 

and Suszko, Rec. trav. chim., 62 , 839 (1933). 
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ponic acid, and loiponic acid, show that the quinuclidine portion is the 
same as in cinchonine; quinine is 6'-methoxycinchonine. 

A total synthesis of the complex structure present in the cinchona 
group has been accomplished by Rabe^^ in the preparation of the iso- 
meric alkaloids hydroquinine and hydroquinidine. Both of these bases 
are present in cinchona bark; hydroquinine is formed when quinine is 
hydrogenated. The quininic acid necessary for the synthesis was pre- 
pared by condensation of p-anisidine with acetoacetic ester, followed 
by ring closure, elimination of the phenolic hydroxyl, and oxidation. 


CH3 

I 

o=c\ 

CH3O- , \CH2 


-NH2 COOC2HS 


0=1 



CH3 

I 

<1, 


CH30— 'CH2 


H,S04 


H 


C =0 


CH3 


CH3O- 


/\ 


\An- 


PCU 


-OH POCI3 


CH3 

V\ 

I 


CH3 


-Cl 


Pd^ 


V\ 


C,H6CH0 


CH=CHCgH 5 


COOH 


V 

I 


KMnO, CH 3 I 
> 


% 


The second necessary constituent, homocincholoipon, was prepared from 
3-cthyl-4-methylpyridine (/3-collidine). /3-Collidine was condensed with 
chloral and the product converted to ethylpyridylacrylic acid with 
sodium ethoxide. On hydrogenation, the ethylpyridylacrylic acid gave 
a mixture of four optically isomeric ethylpiperidylpropionic acids. 
Resolution of the ethyl esters of these acids with tartaric acid yielded in 
large part the desired homocincholoipon. 

N-Benzoylhomocincholoipon ethyl ester was condensed in the 
presence of sodium ethoxide with quininic ethyl ester to hydroquinotox- 
ine, and the toxine transformed by bromination into hydroquininone 
which on hydrogenation gave, according to the conditions, hydroquini- 
dine or the stereoisomeric hydroquinine, identical with the natural bases. 

»^Rabe, Huntenburg. Schultze. and Volger, Ber., 64 , 2487 ( 1931 ). 
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CH3 


W 

CH==CHCOOH 


CH2CHOHCCI3 

W 



CzHsr^ 

w 

C0C«H5 
CO— CHa N CHa 



CH2CH2COOH 


H 


Br 


CO— CHa N— CO— CHa N— 


1 

1 


1 


CE2 

1 



— 


CHr-CH — ( 

DHCaHfi 






CO— CHBr N— CO— CH— N— 

I 


CHOH— C H— N CII 2 



1 

ii 1 

CHa 


1 


Extensive studies byRabe®^onthestereochemistry(p. 250) of the numer- 
ous isomers in the cinchona series have shown that, in the sixteen cinchona 
alcohols investigated, the steric arrangement of asymmetric atoms 3 and 
4 is the same. Each of the pairs of isomers, cinchonine and cinchonidine 



(R' = H, R = CH=CH2), hydrocinchonine and hydrocinchonidine 
(R' = H, R = C2H6), quinine and quinidine (R' = OCH3, R 
= CH=CH2), hydroquinine and hydroquinidine (R' = OCH3, R 
= C2H5), yields one ketone on oxidation. This fact, however, does not 

«»Rabe, Ber„ 55 , 622 (1922); Ann., 492 , 242 (1932). 
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supply valid proof that the isomerism depends upon the configuration 
at C-9 alone, since the ketones exist in solution as an equilibrium mix- 
ture of two keto and two end fonns. 


\ I 

>-?■ 


-H 


CO 


h-c-n^ Nn-c 

I \ / II 

CO C— OH 


\n— c 

^ il 

HO— C 


Reduction of the ketone regenerates the two alkaloids together with two 
new epiineric alcohols. On conversion of hydrocinchoninone to the 
desoxy derivative (at C— 9, CO CH 2 ), two stereoisomeric products are 
obtained, whence the conclusion can be drawn that both C-8 and C-9 
are involved in the isomerism of the pairs named above. The two new 
alcohols obtained from reduction of a given cinchona ketone complete 
the number of stereoisomers (four) to be expected from configurational 
differences at the asymmetric centers C-8 and C-9. 

Cupreine, C19H22O2N2, is found in the form of a molecular compound 
with quinine in the bark of liemijia varieties. It takes its name 
from the blue color 01 the bark. The structure of cupreine 
(R' = OH, R = C'H=CH2) is evident from the fact that it is phenolic 
in nature, and on methylation is converted to quinine. The ethyl ether 
of dihydrocupreine (R' = OC2H5, R = C2H6), a homolog of dihydro- 
quinine, is an effective agent for the treatment of pneumococcus infec- 
tions, and is used as the hydrochloride under the name “ Optochin.^^ 

The cinchona alkaloids are marked by a toxic action on protoplasm, 
especially on low organisms, specifically on malaria parasites. Quinine 
is especially effective, and has in addition an antipyretic effect resulting 
from direct action on the heat-producing foci. 

Angostura Alkaloids. The bark of Galipea cusparia (Galipea 
officinalis, angostura bark), which is employed in the West Indies as a 
febrifuge and finds further extensive use in bitter flavoring extracts, 
contains a variety of quinoline bases. The structures of some of these, 
cusparine, galipine, galipoline, and 2-n-amyl-4-methoxyquinoline, have 
been elucidated by E. Spiith;^^ the nature of cuspareine and galipoidine 
is still uncertain. 

Galipine, C20H21O3N, and cusparine, CioHnOaN, both yield proto- 
catechuic acid when fused with alkali; this fact, together with the results 
of the rnethoxyl determination and the relationship of the empirical for- 
mulas, suggests that the second differs from the first only in containing 

«<Spath and co>workers, Ber., 57 , 1243, 1687 (1924); Monatah., 62 , 129 (1929)- 55 . 
362 (1930). 
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a methylenedioxy group in place of two methoxyl groups. Controlled 
oxidation of galipine results in 4-methoxy-2-quinolinecarboxylic acid 
and veratric acid. 





k^N^COOH 

4-Methoxy-2-quinolinecarboxyIic acid 


HOOC 


-OCH 3 


Veratric acid 


0(]H3 


The formula derived for galipine by linkage of these two fragments 
through a C 2 H 4 chain was shown to be correct by synthesis. 4-Methoxy- 
2 -methylquinoline was condensed with veratraldehyde in the presence 
of zinc chloride, and the unsaturated product hydrogenated; the result- 
ing base was identical with natural galipine. By a parallel reaction 
with piperonaldehyde, cusparine was obtained. 


OCHs 

I 


^Noch, 




OCH3 


Galipine 






J— 0/ 


CHj 


Cusparine 


Galipoline is a phenolic base, differing from galipine in its formula by 
CH 2 . On methylation it is converted to galipine. A choice between 
the three possible fonnulas was made by synthesis, and galipoline was 
shown to be a galipine demethylated at the 4-position of the quinoline 
nucleus. According to Schopf, these quinoline bases are probably 
formed in the plant through condensation of e-aminobenzaldehyde with 
various /3-keto acids (p. 1109). 


ISOQUINOLINE GROUP. MESCAL, HYDRASTIS, BERBERIS, 

AND OPIUM ALKALOIDS 

Alkaloids containing the isoquinoline (or tetrahydroisoquinoline) 
nucleus are scattered through a number of plant families, the Cadaccae, 
Papaveraceae, Ranunculaceae^ Menispermaceae, and others. Associated 
with them in a few cases are open-chain bases whose relationship to the 
cyclic alkaloids is close. 

Mescal Alkaloids. The flowering heads of several varieties of 
AnJmlonium or Lophophora cactus, known as mescal buttons, have long 
been used as an intoxicant pellote,^' “ peyotl by the natives of 
Mexico and the southwestern portion of the United States. Dried slices 
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of the plant are chewed as a part of primitive ceremonial rites, and 
aqueous or alcoholic extracts from the buttons are also consumed for 
their exhilarating effect. The excitement, and color and sound hallucina- 
tions experienced probably arise largely from the action of mescaline. 

Mescaline is oxidized by potassium permanganate to trimethylgallic 
acid; its general behavior shows further that the basic portion of the 
molecule is not cyclic in nature. The structural formula rests on the 
syntheses of Spath^*^ and others.®^’ Anhaline likewise has its nitrogen 
atom in an open chain, and is identical with hordenine, a base found in 
barley germs. 


H2 

H2 

Q 

CHaO/N^ 


1 1 

CHaoLjJ NH2 

HotJ N(CH3)2 

1 

OCRs 

I. Mescaline 

II. Anhaline (Hordenine) 


The remaining member's of the anhalonium group, anhalamine, 
anhalonidine, anhalonine, pellotine, lophophorine, anhalinine, and 
anhalidine, are tetrahydroisoquinoline types. 



OH H 2 


III. Anhalamine 



IV. Anhalonidine V. Anhalonine 


Pellotine and lophophorine are the N-methyl derivatives of anhalonidine 
and anhalonine respectively. Anhalinine represents the 0-methyl deriv- 
ative of anhalamine; anhalidine is the N-methyl derivative of anhala- 
mine. The structure of the entire series has been demonstrated by 
synthesis. The synthetic methods for the individual members of the 
group vary, but the synthesis of anlialamine may serve as an example. 
3,4-Dimethoxy-5-benzyloxybenzaldehyde (VI) was condensed with 
nitromethane, and the co-nitrostyrene derivative (VII) so obtained was 

8®Spath, Monatsh., 40, 129 (1919). 

“Slotta and Heller, Ber., 63, 3029 (1930); Kindlor and Peschke, Arch. Pharm., 270, 

410 (1932); Hahn and Wassmuth, Ber., 67, 696 (1934). 

s^Spath and Bccke, Monatsh., 66, 327 (1935). 
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reduced to the corresponding /3-phenylethylamine derivative (VIII). 
Condensation of the phenylethylamine with formaldehyde resulted in 
closure of the tetrahydroisoquinoline ring (IX), and on removal of the 
benzyl group by hydrolysis anhalamine was obtained. 


H H2 

CH30L J ' CH30L J NOa^CHaO 


OCH2C6H5 

VI 


OCHaCeHs 

VII 


NH2 


OCH2C0H5 

VIII 


H2 


Ho 


HCHO CHaOjA/^'-CHa 


CH 30 i^^(./NH 

T Ha 

OCH2C0H5 

IX 



The tetrahydroisoquinoline ring closure, VUI to IX, might take place 
either ortho or para to the benzyloxy group. A decision in favor of the 
or^Ao-position was r(‘ached by degradation of anhalamine ethyl ether, 
which yielded the anhydride X, instead of XI, which must have resulted 
from the alternative possibility. 


CHaOA— CO 

I >0 

CH30L ^CO 


OC2H5 

X 


C2H5O1A— CO 

>0 

,, 'I ^ 


CH301 


-CO 


OCH3 

XI 


Hydrastis Alkaloids. The rhizomes of Hydrastis canadensis (golden 
seal) contain the three alkaloids hydrastine, berberine, and canadine, of 
which hydrastine, C21H21O6N, is the most important. It is closely 
related to the opium alkaloid narcotine, which is 8-methoxyhydrastine; 
the two bases present a complete analogy in their reactions. 

Hydrastine is a tertiary base carrying a methyl group on nitrogen. 
Two methoxyl groups and a methylenedioxy group are present; the 
remaining two oxygen atoms are found in a lactone linkage. 



1066 


OKGANIC CHEMISTRY 



H,0 + 0 



V NHCH3 
^CHO 



OCH3 

III. Opianic acid 


The hydrastine structural formula was devclopc'd largely through the 
researches of Freund and of E. Schmidt. On oxidative hydrolysis, the 
molecule is split into hydrastinine and opianic acid;®^ the structure 
of the latter is known from relationships to methylvanillin (decarboxyla- 
tion) and to hemipinic acid (oxidation). On heating alone, hydrastine 
yields as the non-basic part meconin, the lactone of meconinic acid. 


H2 


CHO 

1 

CHO 

1 

COOH 

1 

c — 0 

1 1 

1 

(A 

1 ^ 

1 

Acooh 

1 

Acooh 



c 

yiocH 3 

Y^ 0 CH 3 

YOCH3 


0CH3 

OC^IIs 

0CH3 

(XJH3 

IV. Methyl vanillin 

V. Opianic acid 

VT. Hemipinic acid 

VI I. Meconin 

( Veratraldchycle ) 



The basic portion from the above oxidative hydrolysis, hydrastinine, 
behaves as an aldehyde and as a secondary amine. Numerous reactions, 
as well as evidence from absorption spectra, indicate that hydrastinine 
(like its analog cotarnine) exists in three tautomeric forms : 


H2C 


< 


• CX 

''CHa 

I 

NHCH3 

Clio 


H.C 


H2 

•o— 


Imino aldehyde 


- 0—1 

" ' '>C 

H 

Pseudo-base 


-NCH3 


* Freund and Will, Ber., 20 , 88 (1887). 
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Quaternary base 


Salt formation takes place through the quaternary ammonium form 
with loss of a molecule of water (Formula XII). Reduction of hydrasti- 
nine salts results in hydrohydrastinine (XV), an N-inethyltetrahydroiso- 
quinoline derivative. 

Exhaustive rnethylation of hydrastinine gives the nitrogen-free alde- 
hyde, hydrastal (VIII). The constitution of hydrastal rests upon oxida- 
tion to hydrastic acid (IX), the methylene ether of 4-5-dihydroxyphthalic 
acid. Hydrastic acid is known as the end product from the degradation of 
many natural substances, and has been synthesized in several ways. 


H 


H2O 


o- 


0 




CH 2 


H20 


0— /\cOOH 


\o. 


"CHO 

VIII. Hydra.stul 


COOH 


IX. Hydrastic acid 


The therapeutic value of hydrastinine in reducing uterine hemorrhage 
has led to the development of practicable syntheses through modifica- 
tion of Decker’s method. In this synthesis, forinylhomopiperonyl- 
amine is subjected to a Bischler-Napieralski reaction, a cyclodehydr- 
ation accomplished in the presence of phosphorus jx^ntachloride, and the 
resulting norhydrastinine is converted to hydrastinine salts by the action 
of methyl halides. 


H2O 


H2 

/O— 

/ I TT-p/ 




I 

NH ^0—1 


H2 H2 

/O— 

H,C< 




NC 


CH3 


c/""" \C1 

H H 

X. Formylhomopiperonylamine XI Norhydrastinine XII. Hydrastinine chloride 


Rosenmund, Ber. deut. pharm. Gea., 29 , 200 (1919); Kindler and co-workors, Ann., 
431 , 228 (1923); Arch. Pharm., 265 , 389 (1927); 270 , 353 (1932). 

Decker and co-workers, Ann., 395 , 299, 321, 328 (1913). 

Bischler and Napieralski, Ber., 26 , 1903 (1893). 
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Hydrastinine can also be prepared from the less valuable cotarnine 
(8-methoxyhydrastinine) , a degradation product of narco tine. Cotar- 
nine is reduced in acid medium to hydrocotarnine (XIV) (p. 1075), and 
the latter, on further reduction with sodium and alcohol, suffers replace- 
ment of the methoxyl group by hydrogen. The resulting hydro- 
hydrastinine (XV) is converted by oxidation into hydrastinine. 



H2 "" 

XV. Hydrohydrastinine XVI. Hydrastinine salt 


Linkage of the meconin and hydrastinine nuclei as in formula I is 
assumed in analogy with the structure demonstrated for narcotine (p. 
1074). Attempts to synthesize (i,^hydrastine by a method successfully 
employed in the preparation of d,Z-narcotine have resulted in two inac- 
tive hydrastine isomers, whose relation to natural /-hydrastine is not 
known. ^ ^ 

The alkaloid berberine, C20H19O5N, is found not only in Hydrastis, 
but also in a number of unrelated plant families, notably the Berberidor 
ceae, from which it takes its name. The structural formula has been 
developed largely through the researches of W. H. Perkin, jun.^^ 
Berberine, like hydrastinine and cotarnine, forms its salts with loss 
of a molecule of water, and like these bases, behaves as though it existed 
in three forms: 


Pyman and Remfry, J. Chem. Soc., 101 , 1595 (1912). This unusual type of reaction 
has been observed with a number of derivatives of pyrogallol trimethyl ether. 

Hope, Pyman, Remfry, and Robinson, J. Chem. Soc., 236 (1931). 

Perkin, jun., ibid., 65 , 63 (1889); 67 , 992 (1890); Perkin and Robinson, ibid., 97 , 
305 (1910); Perkin, ibid., 113, 492, 722 (1918). 
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XVII. Imino aldehyde XVIIa. Pseudo-base XVII6. Quaternary base 


Information concerning the structure of berberine has been obtained 
largely through oxidation. With permanganate, hernipinic acid, hydras- 
tic acid, oxyberberine, and berberal are obtained; with nitric acid, ber- 
beronic acid results. 


COOH 

HOOC^OCHs 

^OCHa 

VI. Hernipinic acid 


H: 


.0— I^COOH 

^O— i^COOH 


IX. Hydrastic acid 


iCOOH HOOC,^^^ 


COOH 


COOH 

XVIII. Berberonic acid 


The construction of a reasonable berberine formula from these smaller 
fragments was accomplished through a study of berberal. This base 
breaks down in hydrolytic processes into noroxyhydrastinine and pseudo- 
opianic acid; these two components can also be united with loss of water 
to give berberal. Pseudoopianic acid is an isomer of the opianic and 
metaopianic acids arising from the degradation of narco tine and crypto- 
pine, respectively; in combining with noroxyhydrastinine it is assumed 
to react in the hydroxyphthalide form (XXI), and the product, berberal, 
is given the structure XIX. The structure of noroxyhydrastinine was 
shown by the relationship to the N-methyl derivative, oxyhydrastinine, 
a substance obtained from hydrastinine by Cannizzaro’s reaction. 

From a consideration of berberal and of the reactions of berberine, 
Perkin, Gadamer,®^ and Faltis*-^^ advanced the now accepted formula 
of berberine, which has been substantiated by several syntheses. ^ ^ The 

Gadamer, Arch. Pharm., 239 , 648 (1901). 

Faltis, Monatsh., 31 , 557 (1910). 

”Piotet and Gams, Compt. rend., 162 , 1102 (1911); 163 , 386 (1911); Ber., 44 . 2036, 
2480 (1911); Perkin, J. Chem. Soc., 113 , 737 (1918); Haworth, Perkin, and Rankin, ibid., 
126 , 1686 (1924); Perkin, R&y, and Robinson, ibid., 127, 740 (1925); Spilth and Quieten- 
sky, Ber., 58, 2267 (1925). 
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Ha 


yO- 

H,C<^ 


Ha 

yU — Y 1^2 

H2C<^ 1 

\/\/Nv 

0 

II \CH +H,0 

U / > 

XX. Noroxyhydrastinine 

oc< 1 

YNoCHs 

0 CHOH 

1 1 

OC— Y^OCHa 

s;v^OCH3 

^OCHs 

XIX. Berberal 

XXI. Pseudoopianic acid 
(Hydroxyphthalide form) 


synthetic methods have in general as their goal oxyberberine (XXV), 
a base that has been obtained by gentle oxidation of berberine, or that 
is formed along with hydroberberine by a Cannizzaro intermolecular 
oxidation-reduction reaction when berberine is heated with alkali. In 
this change, berberine must be considered as reacting in the pseudo-base 
form XVIIa. Oxyberberine can be reduced to tetrahydroberberine, 
and the lather converted to berberine by oxidation. The oxyberberine 
synthesis of Perkin, Riiy, and Robinson consisted in condensation of 
homopiperonylamine and rneconincarboxylic acid to an amide (XXIV), 
which was then subjected to a Bischler-Napieralski isoquinoline ring 
closure. This resulted in an intermediate, which was reducible to 
oxyberberine. 


R^f'/ 


.2(\ 






H, 


I /0-i 

Nil, 


XXII. Homopiperonylamine 

O — CO 


HOOO 


i(!:— 


H, yO-f 

I H,C< 

■X./ /Nil \0 ' 

/CO 

i o i 

HC< I 

\Aoch, 


H, 

^/V'^bo 


H 




OCH, 

OCH, 






bCH, 


|OCH, 

>OCH, 


XXIII. Meconincarboxylic acid XXIV. Meconincarboxyhomo- 

piperouylamide 


XXV. Oxyberberine 


Berberine is relatively inactive physiologically; in large doses it 
exerts a paralyzing effect of central origin. It has been variously 
recommended as an oxytocic, as an antimalarial, and as a cure for 
morphinism. 
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Canadine is i-tetrahydroberberine,®^’®® and occurs also as the dextro 
form in Corydalis^^ along with other alkaloids (corydaline, corybulbine, 
etc.) closely related to berberine. 

Opium Alkaloids. ^ Opium is the dried latex from the unripe seed 
capsules of the opium poppy, Papaver somniferum^ and has proved to be 
one of the richest sources of alkaloids. The bases occur in part in the 
free state, in part combined with sulfuric, lactic, acetic, or meconic acids. 
Most of them are derivatives of isoquinoline or tetrahydroisoquinoline ; 
the remainder (morphine group) are probably related phytochemically 
to those of the isoquinoline group, and are most conveniently con- 
sidered under this classification. 

Because of the great importance of opium and its alkaloids in medi- 
cine, the world production is enormous. In 1933, 1,913,834 kg. of raw 
opium were reported to the League of Nations, and in the same year the 
manufacture of 30,788 kg. of morphine alkaloid was recorded. These 
figures, however, do not include the huge quantities produced illegiti- 
mately to supply the needs of opium and morphine addicts. The 
clandestine production probably exceeds 5000 tons of opium. 

Papaverine, C 20 H 21 O 4 N, is found in all parts of the growing poppy, 
and is present in opium to the extent of about 0.5 to 1 per cent. Its 
structure as tetramethoxy-l-benzylisoquinoline was elucidated in a long 
series of researches by Goldschmiedt. These investigations consti- 
tute an excellent example of the application of oxidative degradation to 
structure determination. By gentle oxidation of papaverine, the 
secondary alcohol papaverinol is formed; more vigorous treatment 


CHsO/N 


CHaOl 


N 


CH2 

I 


CHsO,^^ 


CH3OI 


\/v 

CO 

I 


N 


\/ 
OCH3 
I. Papaverine 


OCH3 


OCH3 
II. Papavcraldine 


OCH3 


HOOC/^ 


HOOC;^N 

I 

CO 


<^0CH3 
OCH3 

III. Papaverinic acid 


®«Gadamer, Arch. Pharm., 248 , 43 (1910). 

Spath and Julian, Ber., 64 , 1131 (1931). 

Small and Lutz, “ Chemistry of the Opium Alkaloids,” U. S. Government Printing 
Office (1932); Kappelmeier, “Die Konstitutionserforschung der wichtigsten Opium 
Alkaloide,” Ahrens' ” Samml. chem. chem.-tech. Vortrage,” Vol. 18, p. 225 (1912). 
Goldschmiedt, Monatsh., 9, 778 (1888). 

Gadamer and Schulemann, Arch. Pharm., 253 , 284 (1915). 
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yields the corresponding ketone, papaveraldine, or finally the dibasic 
acid, papaverinic acid.^^^ 

On more complete oxidation, the fragments obtained are veratric 
acid, metahemipinic acid, 2,3,4-pyridinetricarboxylic acid, and 6,7- 
dimethoxyisoquinoline-l-carboxylic acid. ^ 

COOH 

CHsOj^COOH HOOCr^ 

IOCH3 CH30L JcOOH HOOd 


OCH3 

Veratric acid Metahemipinic acid 


CH3O 

COOH 



VV^ 

COOH 

2,3,4-Pyridinetri- Dimethoxyisoquino- 
carboxylic acid line-l-carboxylic 
acid 

On fusion with potassium hydroxide, papaverine yields among other 
products, 6,7-dimethoxyisoquinoline and dimethylhomocatechol. 


CH3O/ 


CH3O!, 


CH3 




6 , 7 -Diinethoxyisoquinoline 


^^0CH3 

OCH3 

Dimethylhomocatechol 


The mode of union of these fragments in papaverine is evident: the 
appearance of two methoxyl groups in each portion, as well as in the 
oxidation products above, shows that the methoxyls do not take part in 
the linkage; a direct union of two aromatic nuclei would not explain 
the ease with which they separate. Linkage through a methylene group 
at the point where the carboxyl of dirnethoxyisoquinoline-l-carboxylic 
acid IS found gives a satisfactory explanation of these facts and of the 
other reactions of papaverine. 

Papaverine was first synthesized by Pictet and Gams ' oe by a method 
that gave complete confirmation to the accepted structure. As starting 

substancesforthissynthesis,veratrole(o-dimcthoxybenzene)andveratric 

acid (3,4-dimethoxybenzoic acid) were chosen. By the Friedel and 
Crafts reaction veratrole was converted to acetoveratrone, and the 
isomtroso derivative of acetoveratrone was reduced with tin and hydro- 

J HV). Interaction of aminoaceto- 

veratrone hydrochloride and homoveratroyl chloride (V) yielded the 

Goldschmiedt, Monatah., 6, 964 (1885); 7, 485 (1886) 

Goldschmiedt, ibid., 6, 372 (1885)- Goldschmin/lt a. v .... 

>“ Goldschmiedt, ibid., 8, 610 (1887). »W.. 10 , 692 (1889). 

Pictet and Gams, Ber., 42 . 2943 (1909). 
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amide, w-(homoveratroylamido)acetoveratrone (VI). By selective 
reduction of the ketonic carbonyl group of VI with sodium amalgam, 
the corresponding secondary alcohol, homoveratroylhydroxyhomovera- 
trylamine, was obtained. This substance, heated in xylene with phos- 
phorus pentoxide, lost two molecules of water, closing the isoquinoline 
ring to give papaverine. 


CH3O, 
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CHaa 
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Numerous other syntheses have been developed; it is reported that 
secret processes developed by drug manufacturers permit the synthesis 
of papaverine on any desired scale. 

Papaverine causes light narcosis, in larger doses tetanus and res- 


Buck, Haworth, and Perkin, jun., J. Chem. Soc., 126 , 2176 (1924); Rosenmund, 
Nothnagel, and Riesenfeldt, Ber., 60 , 392 (1927); Spiith and Burger, Ber., 60 , 704 
(1927); Buck, J. Am. Chem. Soc., 62 , 3610 (1930); Spilth and Berger, Ber., 63 , 2098 
(1930); Mannich and Walther, Arch. Pharm,, 265 , 1 (1927). 
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piratory paralysis. It has an antispasmodic action on smooth muscle 
and is used (chiefly in Europe) to relieve bronchial or intestinal spasms, 
and in obstetrics. 

Laudanosine, C21H27O4N, is found in opium in small amounts, and 
is closely related to papaverine. Its structure as de.c^ro-tetrahydro-N- 
methylpapaverine was demonstrated by reduction of papaverine metho- 
chloride with tin and acid, and resolution of the resulting d,i-tetrahydro- 
N-methylpapaverine (racemic laudanosine) ; the dextro form was iden- 
tical with hiudanosine. ^ The first complete synthesis of laudanosine 
was carried out by Pictet and Finkelstein^ and is of interest as the 
first synthesis of an opium alkaloid. In connection with laudanosine, 
the rare opium alkaloids laudanine, laudanidine, and codamine may be 
mentioned. Laudanine is the racemic lorin of 3'-demethylo-tetrahydro- 
N-methylpapaverine ; ^ ^ laudanidine is the leva form of the same 
base. ^ ^ 1 Codamine repr(‘sents racemic 7-demethylo-tetrahydro-N-me- 
thylpapaverine. ^ ^ ^ 



Laudanosine Laudanine Codamine 

Laudanidine 


The location of the phenolic hydroxyl groups in laudanine and 
codamine was shown by Spath through the device of ethylation and 
subsequent oxidation. From ethyllaudanine, 3-ethoxy-4-methoxyben- 
zoic acid was obtained, from ethylcodamine an isoquinoline derivative 
carrying the ethoxyl group in position-7 ; the structure of both alkaloids 
was then confirmed by synthesis. 

The alkaloid narcotine, C22H23O7N, occurs in opium as the free base 
in amounts up to 10 per cent or more. It differs structurally from hydras- 
tine (p. 1066) only by the presence of a methoxyl group in the 8-position. 

Pictet and Athanascscu, Ber., 33, 2346 (1900). 

Pictet and Finkelstein, Ber., 42, 1979 (1909). 

Spilth and Lang, Monalsh., 42, 273 (1921). 

Spath and Bernliauer, Ber., 68, 200 (1925); Spilth and Burger, Monatsh,, 47 , 
733 (1926). 

112 Spath and Epstein, Ber., 69, 2791 (1926); 61, 334 (1928). 
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On oxidative hydrolysis it is broken down to cotarnine (the methoxy 
analog of hydrastinine) and opianic acid. 1 1 3 • 1 1 * From reductive 
hydrolysis, the fragments are meconin and the previously known opium 
alkaloid hydrocotar nine. ^ 


H2 



H2 



CH 3 O H 2 
Hydrocotarnine 


H2 

C — 0 
1 1 
CO 

^JoCHa 

OCH 3 


Narcotine 


Meconin 


Cotarnine presents in its reactions and tautomeric behavior a complete 
analogy to hydrastinine. On reduction it yields hydrocotarnine, the 
analog of hydrohydrastinine; on oxidation the product is cotarnic acid 
(methoxyhydrastic acid). When treated with bromine, cotarnine is 
converted to a series of hydroxyisoquinoline betaines known as 
tarconines. ^ 

The structural formula of narcotine, like that of hydrastine, was 
evolved by joining in the most reasonable manner the products identified 
from degradation. The presence of a tertiary nitrogen atom shows that 
the nitrogen-containing portion in narcotine has the isoquinoline struc- 
ture of hydrocotarnine and not the open-chain amine (or tautomeric) 
form of cotarnine. The lactone nature of narcotine indicates the 
meconin, rather than the opianic acid, grouping for the nitrogen-free 
portion, and the appearance of two aldehyde groups (in cotarnine and 
opianic acid) in oxidative degradation shows the points at which the 
two fragments are joined. ^ ^ ^ The structural coSte^^’t so reached was 
confirmed by the synthesis of Perkin and Robinson. ^ ^ ® Meconin and 

“8 Wohler, Ann,, 50 , 1 (1844). 

Beckett and Wright, J. Chem, Soc., 28 , 573 (1875); Rabe and McMillan, Ber., 43 , 
800 (1910). 

Roser, Ann., 264 , 356 (1889). 

Perkin and Robinson, J. Chem. Soc., 99 , 775 (1911). 
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cotamine (the latter probably reacting as the pseudo-base) were con- 
densed, giving the opium alkaloid gnoscopine, which is d,^-narcotine; 
the levo form is natural narcotine. Since both of the constituents have 
been synthesized, this constitutes a complete narcotine synthesis. 

The Morphine Alkaloids. Morphine was the first organic base to 
be isolated and characterized as such (Sertlirner, 1805) ; ^ ^ ^ it is today 
one of the most useful drugs known. Opium may contain as much as 
20 per cent morphine, but the average is in the neighborhood of 10 per 
cent. Smoking opium, a specially prepared form, has about 8 per 
cent morphine. The methyl ether of morphine, known as codeine, 
and the third member of the morphine group, thebaine, are present to 
the extent of about 0.5 per cent in opium. It is not known with cer- 
tainty whether morphine and codeine occur in any plant but Papaver 
somniferiim; thebaine has been found in Papaver orientale. 

No group of alkaloids has offered more stubborn resistance to solu- 
tion of the structural problem; since 1889, when the first well-founded 
speculation appeared (Knorr ‘^‘0> than twenty structural for- 

mulas for morphine have been proposed by eminent workers in the 
field. The most probable of these, advanced by Gulland and 
Robinson in 1925,^-^^'^ is based upon the enormous amount of experi- 
mental evidence that has been accumulated in the last four decades, 
and explains best the complicated and exceptional reactions of the mor- 
phine group. 




Of the three oxygen atoms in morphine, C17H19O3N, one is present 
in a phenolic hydroxyl, one in an alcoholic hydroxyl, and the third is 
indifferent, in an ether linkage. The nature of the last-named was 

Kromeke, “ Fr. Wilh. Sertiirner, der Entdecker dos Morphiums,” Fischer, Jena 
(1926). 

Siraons, J. Ind. Eng. Chem., 8, 345 (1916). 

Knorr, Ber., 22 , 1113 (1889). 

'20 Gulland and Robinson, J. Chem. Soc., 123 , 980 (1923). 
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shown by Vongerichten ^ 2 1 through his studies on methylmor phenol. 
This substance is formed in the last step of the exhaustive methylation 
of morphine (or codeine) through a reaction peculiar to the morphine 
series. 


III. Mcthylmorphenol 



[30"^ OH 

IV. Methylmorphol 


Mcthylmorphenol is 3-methoxy-4,5-phenanthrylene oxide; it can be 
transformed to 3-methoxy-4-hydroxyphenanthrene (methylmorphol) by 
reduction with sodium and alcohol, or to 3,4,5-trihydroxyphenanthrene 
by alkali fusion. The location of two of the morphine oxygen atoms 
and the presence of the phenanthrene nucleus are thus demonstrated. 
By zinc dust distillation of morphine and its derivatives, phenanthrene 
itself is obtained. 

Both hydroxyl groups of morphine are acetylated by acetic anhy- 
dride, yielding diacetylmorphine, whose hydrochloride is the important 
narcotic, Heroin. With chlorinating agents only the alcoholic hydroxyl 
group is attacked, and a phenolic halogcnated base, a-chloromorphide, 
results; at the same time small amounts of an isomer, iS-chloromorphide, 
are formed. The ^S-isomer represents a rearrangement product of the 
a-compound, and can be prepared from it; the nature of the isomerism 
is not certain, but it is probably due to attachment of the halogen at a 
different point in ring III. 

The two chloromorphides can be hydrolyzed to three isomers, known 
as a-, i3-, and 7 -isomorphine. ^ No morphine is regenerated in the 
hydrolysis. In nearly all morphine studies, structural determination 
has been made in the methyl ether (codeine) series because of the 
greater stability and more agreeable physical properties of these deriva- 
tives. In the reactions under consideration, codeine, through a- or 
jS-chlorocodide, is converted to isocodeine, allopseudocodeine, and pseu- 
docodeine, corresponding respectively to a-, /3-, and 7 -isomorphines. 

Knorr^^^ was able to show that codeine and isocodeine can be 
oxidized at the alcoholic hydroxyl group to give the same ketone. 


121 Vongerichten, Ber,, 30 , 2439 (1897); 31 , 3198 (1898); 33 , 352 (1900). 

122 Lees, J. Chem. Soc., 91 , 1408 (1907); Opp6, Ber., 41 , 975 (1908). 

123 Knorr and Horlein, Ber., 40 . 2032, 3341, 4889 (1907); Knorr, Ber., 36 , 3074 (1903). 
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codeinone; the isomerism depends therefore only upon the spatial 
arrangement of hydrogen and hydroxyl in these two diastereoisomers. 
Codeinone, moreover, can be degraded to 3,4,6-trimethoxyphenanthrene. 
The alcoholic hydroxyl group in codeine and isocodeine, as well as in 
morphine and a-isomorphine, must be located on carbon -6. By a 





H 

(OH) (H) 

V. Codeine, Isocodeine 


N-OHo 



VI. Allopseudocodeine, Pseudocodeine 



/ \ 



VIL Codeinone 


VII. Pseudocodeinone 


similar method, through pseudocodeinone and 3,4,8-trimethoxy- 
phenanthrene it was shown that in allopseudo- and pseudo-codeines the 
hydroxyl group is on carbon-8. The nuclear positions -6 and -8 are 
thus excluded as possible points of attachment of the nitrogen-containing 
ring. 

The presence of the alicyclic double bond in morphine and codeine 
and in the isomers can be demonstrated by catalytic hydrogenation; in 
pseudocodeine and allopseudocodeine a tendency to add four atoms of 
hydrogen with reductive scission of the 4,5-ether linkage is seen, a 
phenomenon that is undoubtedly connected with the allyl ether struc- 
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ture of these bases. The position assigned to the codeine double bond 
depends upon reactions of the methylmorphimethines. 

Satisfactory proof of the position of the nitrogen-containing ring in 
the morphine series has been most difficult to obtain. The nitrogen 
atom is tertiary and carries a methyl group. When codeine rnethiodide 
is heated with alkali, the nitrogen ring is broken in the usual way and 
the product is a-methylmorphimethine. 



IX. a-Methylmorphimethine 



Under the influence of alcoholic alkali, a-methylmorphime thine is trans- 
formed to an isomer, /S-methylmorphimethine. The change is believed 
to be due to a shift of the 7,8-double bond to a position (-8,14) in conju- 
gation with the new unsaturation at -9,10, and is one of the chief rea- 
sons for placing the morphine double linkage at position -7,8. These 
two methine bases yield the same tetrahydro derivative, showing that 
the isomerism is due only to a difference in position of the double bond. 
By the same degradation process, isocodeine gives 7 -methylmorphime- 
thine, which likewise can undergo rearrangement. From pseudocodeine 
and allopseudocodeine, however, methylmorphimethines (e- and f-) 
are obtained in which the location of the unsaturation and hydroxyl is 
such as to preclude a shift to form a conjugated system. 

When the methylmorphimethines are heated with acetic anhydride, 
they break down into methylmorphol (IV) and jS-hydroxyethyldimethyl- 
amine, (CH 3 ) 2 NCH 2 CH 20 H. The nitrogen atom in the methines and 
in morphine is evidently linked with two carbon atoms in a chain which 
is easily separated as a whole from the phenanthrene nucleus. Degrada- 
tion of the methylmorphimethine methiodides with alkali by the usual 
Hofmann procedure also results in loss of the chain in the form of tri- 
methylamine and ethylene. The point of attachment of the nitrogen 

* 2 ^ Hesse, Ann.. 222 , 203 (1883). 

*26 Knorr and co-workers, Ber., 35 , 3009, 3010 (1902) ; 39 , 4412 (1906) ; 40 , 3844 (1907) ; 
Schryver and Lees, J. Chem. Soc., 79 , 663 (1901); Wieland and Koralek, Ann., 433 , 267 
(1923). 
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atom to the nucleus in morphine rests on Knorr’s ^ studies of 9-hydroxy- 
codeine, a derivative obtained by gentle oxidation of codeine. The 
methylmorphimethine formed in the first step of the degradation of this 
hydroxy codeine is a ketone, hence the new hydroxyl group must be 
located on a carbon atom that becomes unsaturated when the nitrogen- 
containing ring opens. 



Only positions -9 or -10 are possible for the carbon atom in question, for 
acetolysis of the methine results in a methoxydiacetoxyphenanthrene 
that cannot be oxidized to a phenanthrene-9,10-quinone without loss 
of an acetoxy group. 

Because of the great lability of the ethanamine chain, the location of 
its other end has been fraught with much difficulty. Treatment of 
morphine with various acidic reagents results in apomorphine, in which 
Pschorr demonstrated, both by degradation and by synthesis, that the 
chain is linked at position-8. This position is untenable for mor- 
phine, however, because of the evidence cited above for the structure of 
pseudocodeinone. Thcbaine, which is known through its relationship 
to codeinone and to dihydrornorphine dimethyl ether to contain the 
fundamental morphine skeleton, may give through the action of hydro- 
chloric acid either morphothebaine (chain on carbon-8) or thebenine, 
in which the chain is unquestionably attached at carbon-5. 

The generally accepted location of the chain at carbon- 13 was devel- 
oped in an attempt to account for the extraordinary tendency shown by 
all the members of the morphine group to lose the entire ethanamine side 
chain in degradative reactions. Linkage at a quaternary carbon atom 
(position-13 or -14) is the only arrangement under which it becomes 
necessary for the side chain to shift (to position-5 or -8) or separate from 
the molecule when aromatization of ring III or of the whole phenanthrene 
nucleus takes place. Position-14 is improbable because it does not 

'*®Knorr and co-workers, Ber., 39 , 1414 (1906); 40 , 2042 (1907). 

Pschorr and co-workers, Ber., 40 , 1998 (1907) ; 62 , 321 (1929) ; Spkth and Hromatka, 
Ber., 62 , 325 (1929). 

Gulland and Virden, J. Chem. Soc., 921 (1928). 
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permit of a reasonable structure for thebaine. Schopf^ was able to 
substantiate the structural theory of Gulland and Robinson by a study 



CH3O OH CH2CH2NHCH3 
XIII. Thebenine. 


of the Beckmann rearrangement of dihydrocodeinone oxime (XIV), 
which resulted in formation of an aldehyde (XV), instead of the ketone 
that would be expected if the chain were attached in position-5. 



XIV XV 


Thebaine (II) iS regarded as the methyl ether of the enol form of 
codeinone (VII), and can be converted to codeinone by gentle hydrolysis. 
When the two hydroaromatic double bonds present in thebaine are 
saturated, dihydromorphine dimethyl ether is obtained. 

In recent years, exhaustive researches have been carried out to 
determine the structural features responsible for the physiological action 
of morphine. It may be stated briefly that the presence of the phenolic 
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hydroxyl is essential for high analgesic action, while the alcoholic hydroxyl 
appears to exert an opposite effect. When the alcoholic hydroxyl group 
is replaced by hydrogen, or methylated, a great increase in analgesic 
power is observed. Morphine alcoholic methyl ether, for example, is 
approximately one hundred times as effective in this respect as the 
phenolic methyl ether (codeine). If the nitrogen- or oxygen-containing 
rings of morphine are opened, a great decrease in physiological action 
results. 

Neopine, a recently discovered rare member of the morphine group, 
represents a codeine in which the alicyclic unsaturation lies between 
carbons-8 and -14. It is converted to dihydrocodeine on hydrogenation, 
or directly to /5-methylmorphimethine in the first step of Hofmann\s 
degradation. ^ 

An alkaloid having a structural skeleton similar to that of the mor- 
phine group is found in the Japanese vine Sinomenium acutum. ^ ^ ® This 
base, sinomenine, is a 7-methoxy derivative of the keto phenol thebainone 
in the morphine series, 



All the asymmetric carbon atoms in sinomenine have the configuration 
opposite to that of the corresponding asymmetric centers in morphine; 
conversion of sinomenine to the optical antipodes of morphine derivatives 
has been accomplished. 

Morphine finds therapeutic use as a result of its depressant action on 
different parts of the central nervous system. It causes marked anal- 
gesia and, in larger doses, narcosis. Codeine has more tendency to 
excite, and the narcotic effects of morphine are exhibited, but in weaker 
degree. Morphine and many of its derivatives are characterized by 
their ability to produce the dangerous addiction known as morphinism. 
Thebaine is a violent tetanic poison. 

Van Duin, Robinson, and Smith, ibid., 903 (1926). 

Koiido and Ochiai, Ann., 470 , 224 (1929). 
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INDOLE GROUP. HYPAPHORINE, ABRINE, AND GRAMINE; 
HARMALA, PHYSOSTIGMINE, YOHIMBINE, STRYCHNOS, AND 
ERGOT ALKALOIDS 


The important group of alkaloids containing the indole nucleus ranges 
in complexity from such simple substances as hypaphorine (I), the 
methylbetaine of tryptophan, to the complicated structures of yohim- 
bine and strychnine. Probably all these alkaloids have as the parent sub- 
stance the amino acid tryptophan (p. 940), a building unit that appears 
to be of great importance in the synthesis of both plant and animal bases. 
The toad poison (p. 947) bufotenine is a derivative of tryptamine ; it is in- 
teresting to note that bufotenine and physostigmine (p. 1086) are the only 
5-hydroxyindole derivatives that have been encountered in nature. 


H2 


/\ \3HCOO- HO,^; 
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(CH3)3 


''CH 2 
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11. Bufotenine 


N(CH3)2 


Abrine, an alkaloid from the seeds of Ahrus precatorius, is likewise 
a simple derivative of tryptophan. Its constitution as in formula III 
is immediately evident from the fact that it can be decarboxylated to 
yield N-methyltryptamine. The optical activity of abrine excludes a 
ring position for the carboxyl group. On treatment with methyl iodide 
and alkali, moreover, it gives the same methyl ester methiodide as is 
obtained from the parallel methylation of ^-tryptophan. 


H2 

^CHCOOH 


H 

III. Abrine 


NHCH 3 


^CH2N(CH3)2 

H 

IV. Gramine 


Another simple indole base, gramine, has recently been isolated from 
the germ of Swedish barley. It is the first alkaloid to be found in any 
of the Gramineae,^^^ and is identical with donaxine, an alkaloid obtained 
from an Asiatic reed. The presence of the indole nucleus in gramine or 
donaxine is apparent not only from the absorption spectrum, but also 

Wieland, Konz, and Mittasch, Ann., 613 , 1 (1934). 

132 Hoshino, Ann., 620 , 31 (1935). 

133 yQj^ Euler and Erdtman, Ann., 620 , 1 (1935); von Euler, Erdtman, and Hellstrom, 
Ber., 69 , 743 (1936). 
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from the appearance of skatole ( 3 -methylindole) in the zinc dust dis- 
tillation. A synthesis of gramine has recently been reported. ^ ^ ^ 

Harmala Alkaloids. The seeds of the African rue, Peganum harmala, 
contain as phosphates the alkaloids harmaline, C13H14ON2; harmine, 
C13H12ON2; and harmalol, C12H12ON2. The three bases are closely 
related: harmaline is the methyl ether of harmalol and a dihydro deriva- 
tive of harmine. The ring system present is a condensation of benzene, 
pyrrole, and pyridine nuclei, which Perkin and Robinson have desig- 
nated as 4-carboline. 
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I. 4-Carboline 
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H CH3 
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III. Harmaline, Harmalol 


Oxidation of harmaline with nitric acid reveals the benzene nucleus, 
which appears as m-nitroanisic acid. In the same reaction, a dibasic 
acid, C 10 H 8 O 4 N 2 , harminic acid (VI), is formed. In it the pyrrole and 
pyridine nuclei are containeu; on further oxidation it yields isonicotinic 
acid ( 7 -pyridinecarboxylic acid). 


02 n/\c 00 H 


IV. m-Nitroanisic acid 


HOOC, 


VN 

V. Isonicotinic acid 


In harminic acid the two carboxyl groups derived from the benzene 
nucleus are adjacent (fluorescein reaction); by decarboxylation one or 
both may be removed, giving respectively apoharminic acid or 
apoharmine. 


HOOC 


HOOd 


/N 


H CHs 

VI. Harminic acid 


H CH3 

VII. Apoharmine 


Further evidence for the presence of the pyrrole nucleus in harmaline 
is found in the formation of red dyestuffs through the action of diazoniurn 
salts. The location of the methyl group is deduced from the formation 
of benzylidene compounds by condensation with benzaldehyde, a reac- 
tion characteristic of a-methylpyridines ; this leaves, however, two 
positions (3- and 5-) possible for the methyl group. 

“^Wieland and Hsing, Ann., 626 , 188 (1936). See, also, Erdtman, Rer., 69 , 2482 
(1936); Orechoff and Norkina, Ber., 68, 436 (1935). 
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An important clue to the arrangement of the nuclei in the harmala 
alkaloids was obtained in the study of harman. This base, which is 
identical with the alkaloids arabine and loturine, was first prepared by 
demethoxylation of harmine; it was found to be genetically related to 
tryptophan, from which it can be obtained by oxidation with ferric 
chloride in the presence of alcohol. 


/\ 
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VIII. Tr3T5tophan 
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H CHs 

IX. Hannan 


Perkin and Robinson ^ ^ ^ suggested that the phytochemical synthesis of 
harmaline proceeds through a condensation of decarboxylated hydroxy- 
tryptophan with acetaldehyde, followed by 0-methylation and oxidation, 
considerations that led to the proposal of the 4-carboline arrangement 
of the three rings. The formation of m-nitroanisic acid mentioned above 
serves to locate the methoxyl group. Various syntheses of harmine, 
harmaline, and harman have demonstrated the correctness of these con- 
clusions. The hamialine synthesis of Manske, Perkin, and Robinson ^ ^ ® 
in 1927 removed the last point of uncertainty, the location of the alicyclic 
double bond in harmaline. A simpler synthesis of Spath and Lederer ^ ^ ^ 
has as a starting point the condensation of 3-methoxyphenylhydrazine 
with 7 -amino-n-butyraldehydediethylacetal. Acetylation of the con- 
densation product and closure of the pyridine ring with phosphorus 
pentoxide led to harmaline. 
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Perkin and Robinson, J. Chem. Soc., 116, 933, 967 (1919); Kermaok, Perkin, and 
Robinson, ibid., 119, 1602 (1921). 

Manske, Perkin, and Robinson, J. Chem. Soc., 1 (1927). 

Spath and Lederer, Ber., 63, 120, 2102 (1930) ; Akabori and Saito, Ber., 63, 
2245 (1930). 
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The phytochemical synthesis of the hamian types suggested by Perkin 
and Robinson has been supported experimentally by G. Hahn, through 
the preparation of tetrahydroharman from cell-possible substances 
(tryptamine and acetaldehyde) under physiological conditions (p. 1110). 

While harmaline behaves toward alkylating agents like a base with 
a tertiary pyridine nitrogen atom (formula III), the acetyl derivative 
and the compounds resulting from the action of benzaldehyde or diazon- 
ium salts are probably derived from the tautomeric form X. 


H2 



X. Harmaline, tautomeric form 


Harmine and harmaline have a paralyzing action on the skeletal and 
cardiac muscles; the use of Peganurn seeds as a tapeworm remedy prob- 
ably depends upon paralysis of the musculature of the worm. Harmine 
has been found identical with banisterine, an alkaloid used in the treat- 
ment of Parkinson^s disease. 

Physostigmine (Eserine). The fruit of the African vine Physostigma 
venenosurriy known as the Calabar or Es6re bean, is used by the West 
African natives for the administration of divine justice. An emetic 
substance in the seed hull often saves the accused person from fatal 
poisoning. The beans contain several alkaloids, of which physostigmine 
and geneserine are the most important. 

Early investigations of physostigmine, C15H21O2N3, established the 
fact that two of the nitrogen atoms are tertiary and carry methyl groups. 
The third nitrogen is split out as methylamine, together with carbon 
dioxide, by hydrolysis, and is present in a urethane grouping, a struc- 
tural feature that has been found in no other alkaloid. The phenolic 
base resulting from the hydrolysis is known as eseroline (II), and can be 
converted back to physostigmine by the action of methyl isocyanate. 
The ethyl ether of eseroline, known as eserethole (IV), has played an 
important part in structure determination. From zinc dust distillation 
of physostigmine, 1- and 2-methylindoles were obtained, but this violent 
degradation scarcely affords proof of the presence of the indole group. 

Degradation of eseroline or eserethole methiodides (by heating in an 
atmosphere of carbon dioxide) results in physostigrnol or its ethyl 

Polonovski and Nitzberg, Bull. aoc. chim., [4] 19 , 27 (1916). 
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ether. Physostigmol still contains the eseroline phenolic hydroxyl 
group and shows the color reactions characteristic of indoles. The rela- 
tively high yield obtained in the degradation indicates that the indole 
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CH3NH 

CH3 CH3 

I. Physostigmine 

^ 


H 0 /\ 


CHa 

-C CH2 


HO— ^ 
(C2H5O) 


-CH3 


\/^N 

CH3 

III. Physostigmol 


I ^ I 

CH3 CH3 

II. Eseroline 

1 i 

CH3 


C2H50^ 


-C- 


-CH2 






CH3 CH3 

IV. Eserethole 


nucleus was already present in eseroline, and therefore in physostigmine. 
The structure of physostigmol, and hence the position of the eseroline 
hydroxyl group, was established by Stedman’s synthesis of physostigmol 
ethyl ether. p-Ethoxyphenylmethylhydrazine (from reduction of 
nitrosomethyl-p-phenetidine) was condensed with a-ketoglutaric acid, 
giving the carboxymethylindoleacetic acid derivative V, from which, on 
decarboxylation, 5-ethoxy-l,3-dimethylindole, physostigmol ethyl ether 
(III), was obtained. 


C2H50|^ 

NH2 

I 

CH3 


CH2CH2COOH 

I 

COCOOH 


C2H50,^ CCH2COOH 

/CCOOH 




I 

CHs 


C2H50/\ 

I 

CH3 

III 


CH3 


Straus. Ann., 401, 350 (1913); 400, 332 (1916). Steelman, J. Chem Soc., 126, 
1373 (1924). 
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An alternative synthesis of physostigmoJ methyl ether by Spath involves 
condensation of p-methoxyphenylmethylhydrazine with propionalde- 
hyde, followed by a Fischer indole ring closure. 

The physostigmine formula I was advanced by Stedman and 
Barger on the basis of the known structure of physostigmol and the 
following considerations. Esere thole, on reduction, takes up two 
hydrogen atoms, which are used in opening a nitrogen-containing ring, 
for the product, dihydroeserethole (VI), is a secondary amine, in con- 


trast to esere thole. 


CaHsO/N 


CH 3 


-CH 2 


CHsO/N 


CH 3 


(;h2 

NHCH3 


-CH 2 


V"N>0 CH2 


CHs 

VI 


N(CH3)3X 

VII 


The further degradation of VI by exhaustive methylation supports the 
presence of the arninoethyl side chain. Existence of the angular methyl 
group was conclusively prov^nl by King and Robinson ^s synthesis and 
resolution of the methine metho-salts of formula VII, which were iden- 
tical with those obtained from J-t^serme thole. 

The physostigmine formula received final confirmation in the com- 
plete synthesis of Julian and Pikl. This synthesis became feasible 
through the observation that the hydrogen atom on the 3-carbon of 1,3- 
dialkyloxindoles is so active that alkylation at this point takes place 
readily. The desired oxindole derivative was prepared by interaction 
of N-methyl-p-phenetidine and a-bromopropionyl bromide, followed by 
closure of the oxindole ring with aluminum chloride. The ring closure 
was accompanied by an undesired de-ethylation, therefore the 5-hydroxy- 
1,3-dimethyloxindole (VIII) was ethylated before further manipulation. 
The ethoxy compound was condensed with chloroacetonitrile in the 
presence of sodium ethoxide, and the resulting nitrile (IX) was converted 
to the amine by catalytic hydrogenation. The primary amine was 
transformed to the secondary amine (XI) by Decker’s method,* and 

Spath and Brunner, Ber., 68, 518 (1925). 

Stedman and Barger, J. Chem. Soc., 127 , 247 (1925). 

142 Julian and Pikl, J. Am. Chem. Soc., 67, 539, 5G3, 755 (1935). 

♦Decker’s method [Decker and Becker, Ann., 396 , 362 (1913)] for the conversion of 
primary aminos to secondary, consists in condensation of the primary amine with an 
aldehyde (bcnzaldehyde) , followed by addition of alkyl halide to the Schiff’s base and 
subsequent hydrolysis: 

/CH3 

RNHz-f CeHfiCHO RN=CHCcH5 — R— N^CHCcHg -^RNHCHa+CeHaCHO+HI 
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the product was resolved into the d~ and Z-isomers at this point, since it 
was found that resolution at a later stage could not be accomplished. 
When Z-l,3-dimethyl-5-ethoxy-3-iS-methylaminoethyloxindole (XI) was 
reduced with sodium and alcohol, ring closure to Z-cserethole occurred. 
The Z-eserethole so obtained could be dealkylated (aluminum chloride) 
to Z-eseroline, which was then converted by the Polonovski procedure, ^ 
with methyl isocyanate, to Z-physostigmine. 


'EiOf' 


CHBrCH, 
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N-Methyl-p-phenetidine 
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EtO, 



CHBrCHj 
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VITT. l,3-Dimethyl-5- 
hydroxyoxindole 

CH, 

I 

-CCHjCHjNHi 
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IX. l,3-Dimethyl-5-ethoxyoxindolyl- 
3-acetoiiitrilc 


Eto/'' 
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CH3 
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\/\N/ 

CH3 

X. 1 ,3-Di niethyl-r)-f>th oxy-3- 
/S-aminoethyloxindole 

CH3 


-CH 2 




Resolution 


Na-EtOU 
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XI. l,3-Dimethyl-5-ethoxy-3-/S-methyl- 
amiuoethyloxindole 


CITa CHa 

XII. Z-Eserethole 


HOi 




CHj 

-d: — CHj 


C^H, U 

II. /-Eseroline 


COO|’^\ 

CHjNH 


CH, 

! 

-C— 


-CH2 




CHs CH, 
I. Z-Physostigmine 


Geneserine, C15H21O3N3, contains one oxygen atom more than phy- 
sostigmine. It can be reduced Avith ease to physostigmine, and con- 
versely, is formed when physostigmine is treated with hydrogen peroxide, 
whence its nature as the N-oxide of physostigmine is evident. With the 
exception of a recently discovered alkaloid of the lupine series, it is 
the only natural alkaloid N-oxide that has been found. 

Couch, J, A771. Chem. Soc., 68, 1296 (1936). 
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Physostigmine is exceedingly poisonous, the fatal dose for man being 
in the neighborhood of 10 rrig.; death usually results from respiratory 
paralysis. The alkaloid is used in ophthalmic practice, and especially 
in the treatment of glaucoma. Geneserine is much less toxic, and is 
probably converted slowly to physostigmine in the body. 

Yohimbine. The bark of the West African tree Corynanthe yohimbe^ 
used by the natives as a powerful aphrodisiac, contains a number of 
related alkaloids, the most important of which is yohimbine. Quebra- 
chine, from quebracho bark (Argentina), is identical with yohimbine. 

Yohimbine, C2iH2^i03N2, is the methyl ester of yohimbic acid, 
C19H23ON2COOH. The latter, on decarboxylation, is converted to 
yohimbol, which still contains the secondary alcoholic hydroxyl group 
known to be present in yohimbine. When yohimbine is heated with 
selenium, yobyrine C19H16N2, tetrahydroyobyrine C19H20N2, and keto- 
dihydroyobyrine C20H1GON2 are obtained. From the fragments obtained 



I. Yohimbine. 



II. Yobyrine. 
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by degradation of these products, the yohimbine fonnula I has been 
derived.* 

Yohimbic acid, with fused potassium hydroxide or zinc dust, yields 
harman (scission of ring Ketodihydroyobyrine, on the other 

hand, when fused with alkali, suffers breakage of ring D at a different 
point, and gives norharman and 2,3-dimethylbenzoic acid.^^^^ 





CH 3 

A A 

^1 B \c\ 

A 

A 1 B 

A 

cl 





HOOcl^ 

H 1 

H 



CHa 




Harman 

Norharman 

2,3-Dimethylbcnzoic acid 


When tetrahydroyobyrine is oxidized with nitric acid, ring D survives 
intact, and appears as berberonic acid. Ring D is likewise found, to- 
gether with ring £, in the form of isoquinoline, from zinc dust degrada- 
tion of yohimbic acid. ^ ® 

The position of the carboxyl group on ring E may be assumed from 
the formation of dimethylbenzoic acid mentioned above, and from the 
appearance of m-toluic acid when yohimbine or yohimbic acid is treated 
with superheated steam. 


HOOC 


VN. 

/)| 

Y \CX)0H 
C'OOH 
Berberonic acid 


D 


Isoquinoline 


CHs 


'A 


E\ 

\\ A 

HOOC 

A 


m-Toluic acid 


Ring E can also be obtained as phthalic acid by oxidation of yobyrine. 
The indole grouping, rings A and R, was obtained by Barger and Scholz 
3-ethylindole from potash fusion of yohimbic acid, and ring A with 
ring B opened appears in oxalylanthranilic acid, which results from 
permanganate oxidation of yohimbine. ^ ^ ^ 


* The position of the alcoholic hydroxyl group is not known with certainty. 

Warnat, Ber., 60 , 1118, (1927); Barger and Scholz, J, Chem. Soc., 614 (19.33). 
Mendlik and Wibaut, Rec. trav. chim., 60 , 91 (1931); Barger and Scholz, Heh. Chim. 
Acta, 16 , 1343 (1933). 

146 Winterstein and Walter, Helv. Chim. Acta, 10 , 577 (1927). 

Spilth and Bretschneider, Ber., 63, 2997 (1930). 
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A 


/CH2 

/ \ 


B 

\/\N/ 

H 

3-Ethylindole 


CH 3 




-COOH 


B 

Oxalylanthranilic acid 


The position of the yohimbine alcoholic hydroxyl group is still some- 
what uncertain. Scholz favors the 14-position, as accounting best for 
the difficulty observed in the hydrogenation of apoyohimbine, a dehydra- 
tion product resulting from the action of sulfuric acid on yohimbine. 
Hahn regards positions-17, -18, or -19 as possible, excluding -14 on the 
basis of the quantitative alkali degradation of tetradehydroyohimbine 
into m-toluic acid and harman, whereby carbon atom-14 appears as the 
harman methyl group. In formula I the hydroxyl group has been 
placed on carbon-17 because the remarkable synthesis of the yohimbine 
skeleton by Hahn and Werner, accomplished almost entirely under 
physiological conditions, makes it seem possible that the plant synthe- 
sizes the alkaloid by a paralkd process, a synthesis that could scarcely 
succeed were the hydroxyl group at a position other than that shown. ^ ® 

Yohimbine is used as an aphrodisiac. It promotes sexual desire in 
both male and female through dilation of the blood vessels of the genital 
organs, and also stimulates the sexual centers of the spinal cord. 

Strychnos Alkaloids. The alkaloids of Sirychnos nux-vomica 

and of Ignatius beans (S. Igiiatii), strychnine, brucine, and vomicine, 
present a structural problem of such complexity that only the salient 
features can be mentioned. In spite of the intensive researches being 
carried on at present in the laboratories of Leuchs, Robinson, Wieland, 



Hahn, Kappes, and Ludewig, Ber., 67, 686 (1934). 

Hahn and Werner, Ajin., 520, 123 (1935). 

Robinson, “ Bakerian Lecture,” Proc. Roy. Soc. (London), A130, 431 (1931). 
‘ Annual Review of Biochemistry ” (1933), Vol. II, p. 444; (1935), Vol. IV, p. 497. 
Seka, ” Alkaloide,” Urban and Schwarzenberg, Berlin (1933). 
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and others, it is not yet possible to present a strychnine structural 
fonnula that is certain in every detail. The most recent proposal (I) 
may serve for discussion; Leuchs favors the linkage of the C2H4 group 
to carbon- 3 . 

Brucine, C23H26O4N2, is a dimethoxy derivative of strychnine, 
C21H22O2N2, and behaves like it in most reactions not involving the 
aromatic nucleus. The position of the brucine methoxyl groups, already 
deduced from color reactions, is confirmed by Spath and Bretschneider’s 
oxidation of strychnine to N-oxalylanthranilic acid, of brucine to 4 , 5 - 
dimethoxy-N-oxalylanthranilic acid (II). 


CHaOr^ 


CH3OI 




R 


OC— CH2 

la. Brucine 


CHaolJx 


COOH 

NHCOCOOH 


II. 4,5-Dimethoxy-N-oxalylanthranilic acid 


One of the two nitrogen atoms of strychnine, N(a), has no basic 
properties, and is in a cyclic amido group. By hydrolysis at this point, 
strychnine is converted into strychnic acid (III). By electrolytic 
reduction at the amido carbonyl group in strychnine, strychnidine (IV) 
and tetrahydrostrychnine (V) are formed. 
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H 


\/^N 


>R 


HOOC— CH2 

III. Strychnic acid 


CH2-CH2 

IV. Strychnidine 




R 


\/\N/ 

H 


HOCH2— CH2 

V. Tetrahydrostrychnine 


These products still contain a double linkage, whose presence, 
as in strychnine itself, may be demonstrated by catalytic hydrog- 
enation. The strychnine amido group forms part of the system 
R — N(a) — COCH2 — in which R is a benzene ring with a free para- 
position; tliis is deduced from the fact that strychnine, but not strych- 
nidine, condenses with benzaldehyde to give a colored benzylidene 
derivative. Furthermore, strychnine and strychnidine behave as 
though related as acylaniline to alkylaniline : strychnine does not give 
coupling reactions with diazonium salts, but strychnidine yields with 
diazobenzenesulfonic acid an azo compound that is an indicator resem- 
bling methyl orange. The aminostrychnidine resulting from reduction 
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of the azo compound resembles 2 >aminodimethylanilme, and gives 
analogs of the toluylene dyes. 

The second, basic nitrogen atom, N(6), carries no methyl group; it 
is tertiary, even in hydrogenated derivatives, and therefore is not in an 
— N=C — group. When strychnine methiodide is treated with alkali 
or silver oxide, strychnic acid methohydroxide is formed, and this loses 
a molecule of water to yield the betaine, methylstrychnine, a secondary 
base [N(a)J. 


(b)yCEs ib)yClh (b) ib) 

C2oH220-eN< C2oll2-20-N< -> C.>oH220~N— CHj C2 oH 220~N— CHs 

I r— 


(a)N — O 
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(a)N 
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COOH 


Strychnine methiodide 


Strychnic acid 
methohydroxide 


I 

(rt)N CO—O- 

I 

H 

Methylstrychnine 


{a)N (!:0— O- 

(!::h, 

Dimethylstrychnine 


Methylstrychnine reacts with hydriodic acid to give strychnic acid 
methiodide; with itudhyl iodide it yields dimethylstrychnine (N-methyl- 
strychnic acid methylbetaine), in which N(a) is tertiary and basic. 

One of the strychnine oxygen atoms is accounted for in the amido 
carbonyl group; the second oxygen is indifferent to all reagents for the 
hydroxyl or carbonyl group, and must be present in an ether linkage. 
By very vigorous reduction, phosphorus and hydriodic acid, the ether 
oxygen may be eliminated (desoxystrychnine) without loss of any other 
portion of the molecule, a fact that indicates a cyclic ether structure. 
Strychnidine does not undergo this type of change. Strychnine and 
dihydrostrychnine, but not the strychnidines, suffer isomerization under 
the influence of basic catalysts, giving isostrychnine and dihydroiso- 
strychnin(>. The numibcrs of the iso-smes contain an alcoholic hydroxyl 
group, which can be formed only by a change at the ether oxygen; a 
shrinkage of ring D has been suggested to explain the rearrangement. 
The extreme resistance of the ether oxygen in strychnidine compared 






ALKALOIDS 


1095 


with that in strychnine in the reactions mentioned makes it probable 
that this oxygen is not far removed from — N(a) — CO — , as in the 
system — N(a) — CO — CH 2 — CH — 0 — . This arrangement is confirmed 
by the results from the Beckmann rearrangement of isonitrosostrych- 
nine. ^ Treatment of isonitrosostrychnine hydrochloride with thionyl 
chloride yields a compound (VII), isomeric with the isonitroso deriva- 
tive. This rearrangement product hydrolyzes with great ease, losing 
carbon dioxide and hydrogen cyanide, to give the aldehyde-alcohol VIII, 
in which one oxygen atom obviously is that of the former cyclic ether 
structure.* 



NOH 

VI VII VIII 


Evidence concerning the propinquity of N(6), the double linkage, and 
the ether oxygen has been found in the Leuchs degradation. When 
strychnine is oxidized with pennanganate in acetone, strychninonic and 
dihydrostrychninonic acids are obtained. Strychninonic acid can be 
reduced to strychninolic acid, which decomposes in the presence of 
sodium hydroxide into strychninolone and glycolic acid. In the 
brucine series the corresponding products obtained are brucinonic and 
brucinolic acids, and brucinolone. These changes are represented by 
part-formulas IX-XI. 


C ^ CH 2 

\ /H\ / 

CH C 

I £) II 

C ^ CH 

/H\ I 

0— CHz 

I. Strychnine 


C CO 
\ /H\ / 

CH C 
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/H\ 

O— CH 2 — C'OOH 
IX. Strychninonic acid 


Wieland and Kaziro, Ann., 608 , 60 (1933). 

* The ether-linked oxygen is written by Wieland in a 6-membered ring. 
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X. Strychninolic acid 

XI. Strychninolone 

Glycolic acid 


Support for this mechanism is seen in the fact that strychninolic acid 
contains no double linkage, but strychninolone does. The observation 
that brucinolic acids in which N(a)CO has been reduced to N(a)CH2 — 
do not undergo the glycolic acid decomposition constitutes an addi- 
tional argument for the relative positions of N(a)CO and the ether 
oxygen. The presence of the N( 5 )CO group in strychninonic acid (and 
hence of — N(6)CH2 — in strychnine) is deduced from the fact that 
strychninonic esters are not basic, and from the appearance of dihydro- 
strychninonic acid mentioned above. This acid (XIII) seems to be a dias- 
tereoisomer of strychninolic acid, X, and can be oxidized to strych- 
ninonic acid, IX. A mechanism proposed for its formation from strych- 
nine postulates the changes I XII — ^ XIII: 
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CH CH2 

1 1 
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\o— CH2COOH 
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the last of which, XII to XIII is plausible only if XII contains the group 

— N(6)CO— . 

Oxidation of brucinonic acid with hydrogen peroxide yields a product 
from which the 9 -carbon atom has been lost as carbon dioxide, and 
which has properties indicating that N(i!>) must have been in a 5-mem- 
bered ring, E (Leuchs). Evidence for the existence of ring G has been 
difficult to obtain, but its presence is made probable by the appearance 
of carbazole, containing rings A, B, and G, in vigorous degradations 



ALKALOIDS 


1097 


(zinc dust distillation) of strychnine. In this reaction rings A and B 
are also revealed as indole. 




H 

Carbazole 




H 

Indole 


The indole nucleus has been identified more acceptably through nitric 
acid oxidation of strychnine. This process leads to dinitrostrychol- 
carboxylic acid (XIV), which can be further degraded by the Curtius 
method through the azide and urethane to dinitroisatin (Robinson). 


NOo^ 


-COOH 
COOH 

NO 2 H 

XIV. Dinitrostrycholcarboxylic acid 


NO 2 , 




=0 
J=0 


NO 2 H 

XV. Dinitroisatin 


By destruction of four carbon atoms of the aromatic nucleus in strych- 
nine and brucine, derivatives of the hypothetical base nucine are 
obtained, and similarly from strychnidine and brucidine, derivatives of 
nucidine. Destruction of the entire aromatic nucleus yields the aponu- 
cines or aponucidines. 


H 2 C- 

I 

H2C 


H 

-C 


C 


> 


\ / 
N 

I 

OC- 


CH2 


XVI. Nucine 


H 

H 2 

H 2 C C\ 

Cv 

1 1 1 >R 1 >I 

H 2 C C< 

C< 

\ / 

/ 

N 

1 

HN 

1 


H 2 C- 
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XVIII. Aponucine 


Oxidation of strychnine with chromic acid gives the “ Wieland-Miinster 
Ci 7 acid,” 2,3-diketonucine dihydrate. From brucine, “ Hanssen’s C 19 
acid ” is first obtained, and can be converted to the Wieland-Munster 
acid. The latter loses a carbon atom with alkaline hydrogen peroxide, 
and closes the lactam ring, yielding “ Hanssen’s Cio acid,” aponucine- 
carboxylic acid. 
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C16H20O4N2 
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Very little information is available concerning the C2H4 chain 
attached to N(6). It cannot extend to C - 4 , for evidence on the bromina- 
tion of diketonucidine shows that C -4 carries a hydrogen atom. The 
other points in (juestion for the linkage are C 3 and C-5. Leuchs pre- 
fers the fonruT, Robinson the latter, on the grounds that strychnine 
and brucine do not appear to have the properties of dihydroindoles. 
Union of N(f)) and C -5 by an ethylidene group, — CH — , would embody 

1 

CH3 

the harmine (p. 1084 ) skeleton in the strychnine molecule, a point of no 
little phytochemical interest. 

Vomicine, C22H24O4N2, resembles strychnine and brucine in many 
of its reactions, but on hydrolysis yields the amino acid, vomicinic acid, 
which contains a new phenolic hydroxyl group. This phenolic hydroxyl 
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is likewise generated when vomicine is reduced to vornicidine by the 
electrolytic method. Vomicine is therefore represented as containing a 
benzoxazoline grouping, but the relationship of the rest of the mole- 
cule to that of strychnine is not certain; part-fomiula XXIII must be 
regarded as only tentative. 
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XXIV. Vomicinic acid 


Strychnine, because of its extremely high toxicity, is widely used as 
a pest exterminator. In therapeutic doses it acts to stimulate the 
respiratory and vasomotor nerve centers; in larger amounts it acts on 
the spinal cord to cause high reflex irritability, involving all the muscles 
of the body. Convulsions or tetanus may result from the slightest 
stimulus, death usually following from suffocation through prolonged 
contraction of the breathing muscles. Brucine has about one-eighth the 
toxicity of strychnine. 

Ergot Alkaloids. ^ The mycelia of the fungus Claviceps purpurea^ 
from diseased rye and other Gramineae^ constitute the important drug 
known as ergot. Ergot has yielded, in addition to such simple putre- 
faction bases as histamine, tyramine, cadaverine, and putrescine, a series 
of exceedingly complex alkaloids, whose' structures an' not yet completely 
elucidated. The' seven most important ergot bases arc closedy related, 
and may for the most part be discussed as a group. The longest-known 
pair, ergotinine (C35H39O5N5) and ergotoxine (C35H41O0N5), are inter- 
convertible, and differ by a molecule of w'ater (possibly hydrate water). 
Ergotamine (C33H3.^,OoN5) and ergotaminine are isomeric, and are 
likewise interconvertible. L]rgonovine ((T9H23O2N3) was discovered 
during the period 1932-1934 by four independent investigators, who 
advanced the names ergobasine, ergometrine, ergostetrine, and ergotocin. 
It is at present believed to be the most active constituent of ergot as 
regards oxytocic effect. Ergonovine is accompanied by an isomer, 
ergometrinine, of which it is a transformation product. The fact that 
in each of these pairs one member is physiologically active (ergotoxine, 

Wieland and co-workers, Ann,, 469 , 193 (1929); 491 , 117, 129, 133 (1931). 

Barger, “Ergot and Ergotism,” Gurney and Jackson, London (1931). 
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ergotamine, and ergonovine), while the other member is practically inert, 
suggests that the transfonnation in each case must involve a similar 
change in structure. Ergoclavine, C31H37O5N5 or C26H30O4N4, has not 
yet been isornerized. 

Early work in the series consisted largely of degradations so violent 
as to yield little information of value. From destructive distillation of 
ergotoxine or ergotinine, isobutyrylformamide (CH3)2CHCOCONH2 
was isolated. Oxidation with permanganate or nitric acid gave benzoic 
and p-nitrobenzoic acids respectively, and a tribasic acid, CmHqOsN. 

The key to the structure of the ergot group lies in the hydrolysis 
procedure of Smith and Timmis; ergotoxine, ergotinine, ergotamine, 
and ergotaminine, on treatment with methyl alcoholic potassium hydrox- 
ide, all yield the same product, ergine, of formula Ci (jHiyONs. ^ ^ Ergine 
is the amide of lysergic acid, and Jacobs and Craig have shown that all 
the above-mentioned ergot alkaloids can be hydrolyzed to lysergic acid, 
C16H10O2N2. This is the only group common to all the members, and 
the transformations, and changes in physiological action, must be due 
to changes in the lysergic acid portion of the molecule. 

The extensive w^ork of Jacobs and Craig on the hydrolysis of the 
ergot alkaloids indicates that these are probably constituted as follows: 

Ergotinine and ergotoxine consist of lysergic acid, c?-proline, /-phenyl- 
alanine, isobutyrylformic acid, and ammonia, probably joined in amide 
linkages. The presence of the dextro form of proline, which occurs else- 
where in nature only in the leva form, is especially noteworthy. 

Ergonovine and ergometrinine are hydroxyisopropylamides of 
lysergic acid, and give 6Z-2-aminopropanol on hydrolysis. 

Ergotamine and ergotaminine are made up of lysergic acid, /-phenyl- 
alanine, f/-proline, and perhaps pyruvic acid. 


CH2— CH2 

I I 

CH2 CHCOOH 



H 

Proline 


CH3\ 

>CHCOCOOH 

CH3/ 

Isobutyrylformic acid 


Ha 


\/ 


CHCOOH 

I 

NHa 


CH3\ 

/NHa 


>CHCH2CH< 

CH3/ 

^COOH 


Phenylalanine 

CH3COCOOH 

Pyruvic acid 


Leucine 

CH3\ 

>CHCH20H 

NHa^ 

2- Aminopropanol- 1 


Smith and Timmis, /. Chem, Soc., 763, 1543 (1932); 674 (1934). 
Jacobs and Craig, Science, 82 , 16 (1935); J. Org. Chem., 1 , 245 (1936). 
Smith and Timmis, J. Chem. Soc., 1166 (1936). 
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Ergoclavine consists of lysergic acid, ammonia, Z-leucine, and possi- 
bly pyruvic acid.^^® 

Regardless of the mode of linkage of these constituents to the lysergic 
acid or ergine portion of the molecule, it is apparent that the constitu- 
tional question is essentially that of lysergic acid. Lysergic acid is 
optically active, contains an N-methyl group but no methoxyl groups, 
and is monobasic. It forms stable salts with one equivalent of acid. 
Lysergic acid contains an easily reducible double bond, which must be 
near the carboxyl group, for dihydrolysergic acid is a much weaker acid 
and loses carbon dioxide with more difficulty than lysergic acid. Fusion 
of dihydrolysergic acid with potash yields an indole derivative, probably 
a methylethylindole or a propylindole. Absorption spectra likewise 
indicate the presence of the indole nucleus and show that the isolated 
double linkage is conjugated with it. 

These considerations, among others, and especially the probable 
genetic relationship of lysergic acid to tryptophan, led to the proposal 
of the 4-carboline type formula I for lysergic acid. 



^ Ah 

A A — A A— cooH 

H |H 

^N/L^-CHa 

H 

CH 

CeHs 

CH 

1 


1 

CH3 



I II 


Lysergic acid, however, gives a color test with dimethylaminobenzalde- 
hyde, a reaction characteristic of indoles with the a- or jS-positions 
unsubstituted. Synthetic analogs of I, for example II, prepared by 
condensation of abrine with benzaldehyde, give no dimethylarnino- 
benzaldehyde test.^^® In the alkali fusion of dihydrolysergic acid, 
l-methyl-5-aminonaphthalene (III) is formed. Since, at the same time, 
methylamine is obtained quantitatively, the amino group in the amino- 
naphthalene must come from the pyrrole nitrogen atom. The appear- 
ance of the aminomethylnaphthalene is difficult to explain on the basis 
of formula 1. 

The tribasic acid ChHqOsN, obtained from nitric arid oxidation of 
ergotinine or lysergic acid, yields quinoline on destructive distillation. 
It appears to be an N-methylquinoliniumbetainetricarboxylic acid, IV 
or V. 

158 Jacobs and Craig, Science^ 82 , 421 (1935). 



1102 


ORGANIC CHEMISTRY 


coo- 



III IV V 


These facts have led Jacobs and Craig'®® to advance two formulas for 
lysergic acid, of which VII is believed to account better for the observed 
phenomena of isomerism. 



Cleavage of ring B at 1-2 and 2-3, and of ring D at 5-6 and 8-9 accounts 
for the l-methyl-5-aniinonaphthalene, and cleavage of rings A and B 
explains the formation of the acid IV or V. 

The unsaturated center of lysergic acid appears to be involved in the 
isomerization of the ergot alkaloids. Whcjreiis the levorotatory members 
ergonovine, ergotamine, and ergotoxine exhibit mutarotation, undergo- 
ing transformation to the dextro members ergoinetrinine, ergotaminine, 
and ergotinine, dihydroergonovine does not show mutarotation, nor 
does dihydrolysergic acid methyl ester, in contrast to the unhydrogenated 
ester. All the ergot alkaloids yield the same lysergic acid on hydrolysis, 
but if they are hydrogenated before hydrolysis, the leva dihydro alka- 
loids give a levorotatory acid, a-dihydrolysergic acid, while the dextro 
dihydro alkaloids give a dextro acid, 7 -dihydrolysergic acid. Lysergic 
acid itself, on hydrogenation, gives a mixture of the a- and 7 -dihydroly- 


Jacobs and Craig, /. Biol, Chem., 116 , 227 (1936). 
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sergic acids, probably as a result of the formation of new asymmetric 
centers when the double linkage is saturated. 

Reductive hydrolysis (sodium and amyl alcohol) of the c^rgot alka- 
loids or of lysergic acid methyl ester results in two epimeric alcohols, 
the a- and /S-dihydrolysergols, in which the lysergic acid double linkage 
has been saturated and the carboxyl group reduced to an alcoholic group. 
The a- and 7 -dihydrolysergic acids, similarly reduced with sodium and 
alcohol, give a- and 7 -dihydrolysergol, respectively. The hypothetical 
jS-dihydrolysergic acid, progenitor of jS-dihydrolysergol, is not known, 
nor is the nature of the isomerism of the three dihydrolysergols clear. 
On the basis of formula VII for lysergic acid, the isomerism of the pairs 
of ergot alkaloids can be explained through a shift of the double linkage 
from 5-10 to 4-5 to 9-10, and reduction of the unsaturation (at 5-10 
and at another position) in two configurations might account for the 
dihydrolysergols . 

Ergotoxine, ergotamine, and crgonovine are characterized by their 
vasoconstrictor action and their power to cause contractions of the 
uterus. Ergotoxine administration may cause a gangrenous condition 
of the type observed in the gangrene epidemics (ergotism, St. Anthony’s 
fire) known since the Middle Ages to result from the consumption of 
bread made with diseased rye. 

IMIDAZOLE AND QUINAZOLINE ALKALOIDS; PILOCARPINE 
AND VASICINE 

Jaborandi Alkaloids. The leaves of Pilocarpus jaborandi contain 
several related alkaloids, of which pilocarpine, C 11 II 1 GO 2 N 2 , is the most 
important. This alkaloid was shown in the early work of Jowett and 
of Pinner to be a mono-acid tertiary base containing a lactone group 
and an imidazole nucleus, but only in recent years has its structure been 
conclusively demonstrated, 

C2Hr— CH CH— CH2— C N— CH3 



5 1 

4 2 

Cv /CH2 



1. Pilocarpine 

Pilocarpine undergoes isomerization with ease to yield isopilocarpine, 
a base that also occurs in jaborandi, and that has served for much of the 

Jowett, J. Chem. Soc., 83 , 438 (1903); Pinner and Schwarz, Ber., 35 , 192, 2241 
(1902). 
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structural investigation. The arrangement of the two nitrogen atoms is 
indicated by the appearance of methylurea in oxidations. By distilla- 
tion of either base with soda-lime, 1-methylimidazole, 1,5-dimethylimida- 
zole, and l-methyl-5-amylimidazole are obtained. * ® ^ 


NHCH3 

I 

/CO 

w 

H2 

Methylurea 


CH3(CH2)4C- 

II 

HCn 


sN- 




NCH3 

I 

CH 


l-Methyl-5-n-amylimidazole 


CH3C NCHs 

II I 

HC\ ^CH 
\n^ 


1 ,6-Dimethylimidazole 


As fragments from the nitrogen-free portion of isopilocarpine, Jowett, 
by permanganate oxidation, obtained isopilopic and homoisopilopic 
acids; * the same acids likewise appear in oxidations of pilocarpine as 
a result of rearrangement. 


C2H5— CH 

I 

o=c 


CH— COOH 

I 

CH2 


II. Isopilopic acid 

C2H5— CH 


C2H5— CH- 
0 =C\ 




-CH— CH2COOH 

I 

.CH2 


-CH- 


III. Homoisopilopic acid 

— CH2 


COOH COOH COOH 

IV. Ethyltricarballylic acid 


The constitution of homoisopilopic acid is deduced from the transfor- 
mation to ethyltricarballylic acid by alkali fusion. Chichibabin and 
Preobrashenski^^’- demonstrated the structure of isopilopic acid by 
synthesis, and prepared the diastereoisomeric pilopic acid corresponding 
to the nitrogen-free portion of pilocarpine. Pilopic acid undergoes rear- 
rangement with extreme ease to isopilopic acid, so that the latter is 
always obtained from pilocarpine oxidation. By ozonolysis of pilocar- 
pine and isopilocarpine, isomeric homopilopic acid amides are obtained, 
showing that the two alkaloids differ only in the stereochemical arrange- 
ment of this part of the molecule. ^ 

The synthesis of pilocarpine and isopilocarpine was accomplished 
(1933) by Preobrashenski.^®^ d-Homoisopilopyl chloride was con- 

Akabori and Numano, Ber., 66, 159 (1933). 

* Originally designated as pilopic and homopilopic acids. 

Chichibabin and Preobrashenski, Ber., 63, 460 (1930). 

Langenbeck, Ber., 67, 2072 (1924). 

Preobrashenski and co-workers, Ber., 66, 1187, 1536 (1933); 68, 844, 847, 850 (1935); 
69, 1314, 1835 (1936). 
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verted by the diazomethane reaction to chloromethyl homoisopilopyl 
ketone (V). By Gabriers reaction, V yielded the corresponding amino- 
methyl ketone, on which the imidazole nucleus was built by heating 
with potassium thiocyanate. Treatment of the resulting mercapto-isopilo- 
carpidine with ferric chloride gave isopilocarpidine (an isomerization 
product of the jaborandi alkaloid pilocarpidine), which on methylation 
yielded isopilocarpine. Pilocarpine was prepared similarly starting 
from (i-homopilopic acid. 


C 2 H 6 — CH CH— CH 2 CO 


M 2 — ► amine - 

I 

Cl 

V. Chloromethyl homoisopilopyl ketone 


0=C. /CH 2 

^ 0 / 


C 2 H 5 ~CH CH—CH 2 — C NH 


0=C. /CHo HC. .CSH 

Xq/ 

VI. Mercapto-isopilociirpidine 


C 2 H 6 — CH CH— CH 2 — C NH C 2 H 5 — CH 

o=a yhui HC. y.hif* o=c. 

X)/ ^ 0 / 


CH— CIT,— C N— CHa 

CIT.. III:. /.CH 


VII. Isopiloca^idine 
(Pilocarpidin(i) 


I. Tsopilooarj)ine 
(Pilocarpine) 


Pilocarpine acts on the nerve endings of the secretory cells, causing 
increased secretion of sweat, saliva, and tears. It is used as a diaphoretic, 
and in optical surgery to cause inyosis and to reduce intraocular pressure. 

Vasicine. Vasicine, also known as peganine, was first found in the 
Himalayan plant Adhatoda vasica, and was later isolated from the mother 
liquors from preparation of the harmala alkaloids. Adhatoda is used in 
India as a fish poison, insecticide, and for the relief of asthma. Although 
vasicine contains an asymmetric carbon atom, it is optically inactive. 
This phenomenon is encountered rarely in the alkaloid series, and in 
vasicine the inactive base is formed by racemization during the isolation 
of the alkaloid. In the plant the base exists in the leva form. 

The presence of the quinazoline grouping in vasicine, C11H12ON2, 
was shown by gentle oxidation with permanganate, which resulted in 
4 -keto- 3 , 4 -dihydroquinazolyl- 3 -acetic acid (II). In this product, 
C10H8O3N2, only one of the vasicine carbon atoms is missing; this 


H2 O 


rCH2 

/N/^^NCHsCOOH 

I 1 



H/^OH 



I. Vasicine (Peganine) II. 4"Keto-3,4-dihydroqiiinazoIyl-3- 

acetic acid 
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carbon atom must carry a group that makes it especially susceptible to 
oxidation. It is indeed the seat of the alcoholic hydroxyl group, whose 
presence can be shown by gentle acetylation, by the Zerewitinoff reac- 
tion (Vol. I, p. 416), and by the chlorination and reduction procedure 
that leads to desoxy vasicine (pegene-9) VI. 

The structure of II was easily established by synthesis. For the 
attachment of the three-carbon chain, one end of which is certainly 
linked to the 11-position, only C-8 or C-10 come into question. This 
uncertainty was removed by the synthesis of desoxyvasicine. o-Ni- 
trobenzyl chloride was condensed with 4-aminomethylbutyrate to the 
pyrrolidone IV, which was reduced to the amino derivative (V) and 
treated with phosphorus oxychloride to close the quinazoline ring. 


CH 2 CI 


f/\/ 


H 2 N 

CH300C 


CHo 

I 

CH2 


H 2 

CH2 


c* 

Ho 

III 


H 2 

\n- 


-CH 2 




()C\ /CH 2 


C* 
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V\- 


OC\ /CH 2 


NO2 


IV 


H2 


H2 

^/C\N CH2 


C* 

Ho 

VI. Desoxy vasicine 


The alcoholic hydroxyl group of vasicine might be located at posi- 
tions -2, -3, or -8, the first two being the more probable. The decision 
in favor of position-3 was reached through Spath's vasicine synthesis, 
which proceeded like that of desoxyvasicine (formulas III to VI, OH 
at the starred carbon atom). e-Nitrobenzyl chloride was condensed with 
4-amino-2-hydroxybutyric acid methyl ester to the pyrrolidone. On 
reduction of the nitro group, spontaneous ring closure took place to 
give vasicine. 

In confirmation of considerations on the possible mode of the phyto- 
chemical synthesis of vasicine, Schopf has prepared desoxyvasicine under 
physiological conditions (p. 1111). 

Spath, Kuffner, and Platzer, Ber., 68 , 497 (1935); Hanford and Adams, J. Am. 
Chem. Soc., 67, 921 (1935). 

*®® Spilth, Kuffner, and Platzer, Ber., 68 , 699 (1935). 
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BIOGENESIS OF THE ALKALOIDS 

One of the most striking characteristics of an alkaloid-bearing plant 
is its capacity to produce a number of closely related bases. Examina- 
tion of any of the series of alkaloids described under various nuclear 
groups in the preceding pages inevitably suggests that the plant, with 
its preeminent synthetic ability, has built up such a series from a common 
parent substance through condensations, rnethylation, decarboxylation, 
and oxidation and reduction reactions. This idea was first suggested 
early in this century by Pictet and by Willstiitter, and was put into 
definite form by Wiriterstein and Trier (1910) and particularly by 
Robinson (1917). 

The amino acids (p. 859), or their transformation products, the amino 
aldehydes and amines, with formaldehyde, formic acid, and methanol, 
undoubtedly are the chief building units for the synthesis of alkaloids. 
The nearer the alkaloid to the parent substance in structure, the more 
widely it will be found distributed in plants. Hordenine, first found in 
sprouted barley, probably is formed by N-methylation of tyrosine, and 
its appearance in the entirely unrelated Anhalonium cactus (anhaline, 
p. 1064) is not surprising. Arabine and loturine are identical with bar- 
man, the framework of the harmala alkaloids. The close relationship 
of barman to tryptophan or tryptarnine accounts plausibly for the 
presence of the barman grouping in three unrelated plant families. 


H2 


1 j CHCOOH 


NHa 


n 

11 1 


CHs 

Tryptophan 

Harman 


Individual species or families, on the other hand, may possess a char- 
acteristic ability to cause condensations and ring enlargements leading 
to the synthesis of alkaloids peculiar to the species. 

The first experimental demonstration of the simplicity of method by 
which the plant may synthesize alkaloid structures was Robinson's con- 
densation of succinic aldehyde and methylamine with acetonedicar- 
boxylic acid (p. 1050). This pioneering experiment stands out in sharp 
contrast to the involved and laborious synthesis of tropinone by the 


Robinson, J. Chem. Soc., Ill, 876 (1917). 
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classical laboratory methods, and it furnished the stimulus for the 
present activity in alkaloid synthesis under physiological condi- 
tions. 

According to Schopf,^®® synthesis in the plant cell may take place 
with participation of specific enzyme systems, adapted to the produc- 
tion of one definite substance, as for example the synthesis of starch from 
carbon dioxide; or unspecific enzymes may take part, such enzymes as 
have a general function, as decarboxylation, hydrogenation, dehydrogen- 
ation, and oxidation; or finally, natural products, or the intermediates 
from which they are derived, may be formed without the participation 
of enzjnnes, when sufficiently reactive units arise together in the course 
of cell metabolism. This last case is susceptible of study in the labora- 
tory. Essential conditions to be observed are hydrogen-ion concen- 
trations and temperatures comparable to those under which the plant 
works, as well as the use of starting materials that the plant may be 
expected to have availabk^. 

There can be no doubt as to the ability of the plant to reduce ketone 
groups and to accomplish esterification, so that the question of the 
phytochemical synthesis of the alkaloids of the belladonna group, the 
tropine derivatives, is largely that of the synthesis of tropinone. Suc- 
cinic aldehyde (from degradation of ornithine), rnethylamine, and 
acetonedicarboxylic acid are all cell-possible substances, but Robinson^s 
synthesis is open to objections, because the condensation leading to 
tropinonedicarboxylic acid was carried out in strongly alkaline solution, 
and the subscniuent decarboxylation required physiologically impossible 
conditions. When, however, the condensation is accomplished in buf- 
fered solution (0.04 molar) between pH 3 and pH 11 at 25°, spontaneous 
decarboxylation takes place, and tropinone is obtained in excellent 
yields. The same mechanism may be imagined to operate in the 
formation of pseudopelletierine (p. 1034), the ring homolog of tropinone, 
in the plant. Here glutaric aldehyde, conceivably arising in the cell 
from the degradation of lysine, NH 2 CH 2 CH 2 CH 2 CH 2 CH(COOH)NH 2 , 
takes the place of succinic aldehyde. By condensing glutaric aldehyde 
with rnethylamine and acetonedicarboxylic acid in solutions buffered 
to pH 7 at 25°, Schopf was able to prepare pseudopelletierine in nearly 
quantitative yield. ^ 

The cocaine types, derived from eegonine, demand the retention of 
one carboxyl group during the condensation. This, also, can be accom- 
plished under physiologically possible conditions (pH 5), if the mono- 
methyl ester of acetonedicarboxylic acid is used. 

Sohopf, Ann., 497 , 1 (1932). 

Schopf and Lehmann, Ann., 618 , 1 (1935). 
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CH2— CHO CH2COOCH3 

I 

H2NCH3 + CO 

I 

CH2— CHO CH2COOH 


CH2— CH CHCOOCH3 

I I 

NCH3 CO 

I ! 

CH2— CH CH2 


The alkaloids containing a quinoline nucleus could reasonably be 
supposed to be formed through a Friedlander synthesis, condensation of 
o-aminobenzaldehyde with ketones. The oxidation product of o-amino- 
benzaldehyde, namely anthranilic acid, is found frequently in nature, 
and is observed as a degradation product from tryptophan in the animal 
body. Methyl ketones are present in many ethereal oils. The Fried- 
lander condensation, which would lead to the quinoline alkaloids of the 
angostura type, proceeds, however, only in alkaline solution, at pH 
11-12. The biosynthesis of the quinoline group appears to have its 
starting point in substances that may be regarded as the progenitors of 
the methyl ketones, namely the /S-keto acids. The synthesis of one of 
the members of the angostura alkaloids (p. 1062) illustrates this suf- 
ficiently. Condensation of very dilute solutions of o-aminobenzaldehyde 
and caproylacetic acid at 25° and pH 7-9 resulted in an excellent yield 
of a-n-amylquinoline. ^ ^ ^ 


. /CHO CH 2 COOH 
/\/ I 


^\nH2 0 C(CH 2 ) 4 CH 3 



The substituted phenylethylamines have long been considered as 
the probable parent substances of the extensive group of isoquinoline 
alkaloids. Most of these alkaloids carry groups in the 5- and 6-posi- 
tions and might be formed from condensation of the appropriate alde- 
hyde with the dihydroxyphenylethylamine (I), arising from degradation 
of dihydroxyphenylalanine. The reaction with acetaldehyde, for exam- 
ple, takes place readily at ordinary temperatures in the pH range 3-5^ 
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Schopf and Lehmann, Ann., 

497, 7 (1932). 



1110 


ORGANIC CHEMISTRY 


to give the tetrahydroisoquinoline derivative (II), which is a demethyl- 
ated analog of the alkaloids carnegine and salsoline. ^ ^ 

The fact that carnegine and salsoline occur naturally as the racemic 
forms makes it seem probabki that they are synthesized in a similar way, 
and not under the influence of enzymes. The condensation under 
physiological conditions has been extended by Hahn to the synthesis of 
benzylisoquinoline bases of the laudanosine type.^^^ 

For the ever-increasing group of alkaloids containing the indole 
nucleus, the building unit must be tryptamine, derived from tryptophan 
by decarboxylation. In this series, too, the mechanism has been sub- 
jected to direct investigation. Tryptamine reacts with acetaldehyde 
at ordinary temperatures, and at pH 5-7, to give tetrahydroharman. ^ ^ ^ 



The reaction does not proceed satisfactorily with more complicated 
aldehydes, but succeeds with a-keto acids, which are probably the bio- 
chemical progenitors of the aldehydes. It is interesting to note that the 
condensation is accelerated markedly by sunlight. The problem of 
decarboxylation under physiological conditions of the condensation 
products from the a-keto acids has not been solved, but Hahn has used 
the method for tlie synthesis of the complicated skeleton present in the 
yohimbine group. ^ 

The synthetic methods outlined above have recently been applied 
to the construction of another complex nucleus, that of vasicine (III). 
The quinazoline system present in vasicine may be imagined as arising 
from interaction of o-aminobenzaldehyde and a-hydroxy-Y-aminobutyr- 



III. Vasicine IV. Desoxy vasicine 

Schopf and Bayerle, Ann., 613, 190 (1934). 

Hahn and Schales, Ber., 68, 24 (1935). 

Hahn and Ludewig, Ber., 67, 2031 (1934). 
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aldehyde, followed by isomerization and shift of two hydrogen atoms. 
Unfortunately, a-hydroxy-7-aminobutyraldehyde is not known, but 
7-aminobutyraldehyde, in the form of the diethylacetal, is available, 
and the synthesis of desoxyvasicine (IV) by thci use of this aminoaldehyde 
makes the above hypothesis of the biogenesis of vasicine seem reasonable. 

In dilute solution, at pH 5 , 7-aminobutyrald(diyclediethylacotal under- 
goes rapid hydrolysis and the liberated aldehyde condenses with o-amino- 
benzaldehyde to the pseudo-base V. The pseudo-base isomerizes to the 
colored quaternary ammonium base VI, in which a shift of two hydrogen 
atoms to the quinazoline formula of desoxyvasicine takes place under 
the influence of palladium and hydrogen. 
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If this process represents the biosynthetic course of vasicine formation, 
the last step, hydrogen shift, probably takes place in the plant tlirough 
the action of enzymes. 

Several other syntheses under similar conditions, as for example 
that of hygrine^^^ and of lobelanine, ^ have been accomplished. 
Attempts to verify inviting theoretical relationships through oxidation 
or dehydrogenation reactions have not been successful. The conver- 
sion of hygrine to tropinone, which might be expected to proceed as 
follows, failed: 
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Hypothetical intermediate Tropinone 


Sohopf and Oenhler, Arm., 523 , 1 (193(3). 
Robinson, J. Chcm. Soc., 1079 (1936). 
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The formal relationship existing between alkaloids of the benzyliso- 
quinoline type and those of the aporphine or morphine series, as for 
example laudanosine and glaucine, has led to fruitless attempts to 
establish the missing linkage in such types. 
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H2 H/ 

C— C 


-CHa 



OCIbi 

Laudanosine 


CH2 


OCHa 


CH3O 

CH3O 


N— CH2 
Ha H/ \ 
C— C CH2 


>-<I> 

OCH3 OCH3 

Glaucine 


The hypothetical progenitor of the sinomenine series, protosinomenine, 
has been synthesized, and experiments on its conversion to sinomenine 
are in progress, 
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In spite of the disappointments mentioned, the success of the bio- 
synthetic methods d(vscrib(‘d is inspiring. It can be predicted that, 
with refinements of technique and choice of more suitable reactants, 
syntheses of this type can be extended to afford a great deal of addi- 
tional information on the probable mechanism of formation of the alka- 
loids in the plant. 
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THE ANTHOCYANINS 

Introduction. The pigments of plants are roughly divisible into two 
major classes. The plastid pigments represent one group. ^ 

^ Rupe, “Die Chemie der naturlichen Farbstoffe,” Vieweg and Sohn, Braunschweig 
(1900), Vol. I; (1909), Vol. 11. 

2 Mayer, “Chemie der organischen Farbstoffe,” 3rd ed., Springer, Berlin (1935), Vol. 
II. pp. 134-150. 

® Perkin and Everest, “The Natural Organic Colouring Matters," Longmans, Green 
and Co., London (1918). 

* Wheldale, “ The Anthocyanin Pigments of Plants," University Press, Cambridge 
(1916). 

® Karrer, “ Handbuch der Pflanzenanalyse," edited by Klein, Springer, Vienna (1932), 
Vol. Ill, pp. 941-984. 
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They are associated with the protoplasmic structure of the plant. The 
second group consists of those pigments which generally exist in solution 
in the cell sap. These pigments belong to a group of glycosides desig- 
nated as anthocyanins.’'^*^* The innumerable shades of blue, purple, 
violet, mauve, and magenta and nearly all the reds which appear in 
flowers, fruits, leaves, and stems of plants are due to anthocyanin pig- 
ments. The sugar-free pigments or aglucons, are called anthocyanidins. 
Although it is held that the anthocyanins are usually dissolved in th(^ 
cell sap, they can also occur in an amorphous or crystalline state as in the 
Delphinium spp., Passiflora spp., Rubus spp., and others. 

The pioneer researches of Willstatter and his students^'- made it 
clear that the numerous individual anthocyanins contain similar nuclei. 
The wide variations in color are due to slight alterations in the molecule 
which do not affect the basic molecular skeleton. Thus, the antho- 
cyanins represent a chemical class of natural products, in the same sense 
as the fats, carbohydrates, or proteins represent distinct classes. 

The Basic Structure of the Anthocyanins. Willstatter’s success®’^ 
with these plant coloring matters was to a large extent due to his early 
recognition of their amphoteric nature. They are capable of forming 
salts with both acids and bases. The salts formed with acids were first 
recognized as oxonium salts of the type known as flavylium salts. The 
methods of isolation and purification employ(‘d with these pigments 
rest on this basis. 

The fundamental parent substance of the entire group is the hetero- 
cyclic nucleus known as benzopyrylium chloride (I) discovered by 
Decker and von Fellenberg ® which they formulated on the basis of 
the oxonium theory, f By substituting a phenyl residue in position 2 


* The term “ anthocyan ” is derived from the Greek roots signifying respectively 
“ flower ” and “ blue.” It was introduced by the botanist Marquart in 1835 to designate 
the blue pigments of flowers. Shortly thereafter the belief developed that the red and 
blue pigments were merely different forms of the same substance and that their different 
colors were due to variations in the character of the cell sap; consequently, the use of the 
term was extended to include all the soluble pigments of this group. When it was learned 
that these pigments are always combined with sugars, and thus occur as g^^cosides, the 
ending ” in ” was attached, 

® Willstiltter, Sitzber, preuas. Akad. Wm., 29 , 402, 769 (1914) ; also Ber., 47 , 2865 (1914). 

^Willstatter and co-workers, Ann., 401 , 189 (1913); 408 , 1, 15, 42, 61, 8.3, 110, 147 
(1915); 412 , 113, 137, 149, 164, 178, 195, 217, 231 (1916); Ber., 67 , 1938, 1945 (1924). 

® Robinson, Naturwiaaenachaften, 20 , 612 (1932). Summary of Professor R. 

Willstatter ’s investigations on the anthocyanins. 

® Decker and von Fellenberg, Ann., 364 , 1 (1908). 

t The oxonium theory as a whole possesses certain disadvantages. Although the 
quadrivalency of oxygen may be defended on the basis of the electronic theory of valency, 
it cannot be regarded as acceptably proved. Recent work has shown that the amphoteric 
nature of the benzopyrylium salts and their behavior on oxidation can in many respects 
be more adequately defined through another theoretical approach, the carbonium and 
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of the benzopyrylium chloride (I), 2-phenylbenzopyrylium chloride 
or flavylium chloride (II) is obtained. The placement of hydroxyl 
groups in positions 3, 5, and 7 yields 3,5, 7-trihydroxy flavylium chloride 
(III) the simplest intact structural unit of the anthocyanins. In fact, 
all the members of this group found to date can be regarded as poly- 
hydroxy-2-phenylbenzopyrylium salts. 



Benzopyrylium 2-PhenyI})enzopyryIiiim 3, 5, 7-Trihy dr oxy- 
chloride chloride (flavylium chloride) flavylium chloride 


The Type Group of the Anthocyanidins. The investigations of 
Willstatter,®'^'® Karrer,® and Robinson have shown that 
there are six type groups of the anthocyanins to which the various indi- 
viduals can be referred.* These groups are known respesctively as 
pelargonidin (IV), cyanidin (V), delphinidin (VI), peonidin (VII), 
malvidin f or syringidin (VIII), and hirsutidin (IX). It is to be 
observed that pelargonidin (IV), cyanidin (V), and delphinidin (VI) are 
the fundamental types of the class, whereas peonidin (VII) is a mono- 
methyl ether of cyanidin and malvidin (syringidin) (VIII) and hirsutidin 
(IX) are respectively the di-, and trimethyl ethers of delphinidin. All 
the type groups have been synthesized by Robinson and his co-workers 


carbenium theories. A detailed consideration of the evidence for and against any one 
theory is beyond the scope of this chai)ter. The reader is referred to the recent review 
article by Hill [Chem, IteiK, 19, 27 (1930)] where the properties, synthesis, and structure 
of the benzopyrylium salts are considered in the light of the various theories.' In the review 
by Hill the benzopyrylium (chromyliura) salts are represented by the following general 
formula: 



Robinson, Nature, 137, 94 (1936); Ber., 67A, 85 (1934). 
Robinson Nature (Royal Jubilee Number), 135, 732 (1935). 
Robinson, /. Soc. Chem. Ind., 52, 737 (1933). 


Robinson, President’s Address, Section B, Chemistry, British Association for the 
Advancement of Science; reprinted in Nature, 132, 625 (1933). 

* The classes are usually designated by root names derived from the Latin botanical 
nomenclature. 

t Malvidin is also called syringidin since it yields eyringio acid on degradation with 
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the 3-biosides; (d) the 3,5-digJiicosides; and (e) the acylated anthocy- 
anins. The anthocyanins of class (d) are the most widely distributed 
and best-known membe^rs of th(^ group. Pelargonin, the 3,5-diglucoside 
of pelargonidin (IV), thc^ pigmcmt of the scarlet pelargonium and pos- 
sibly the first member of the soluble pigments to be obtained in a crys- 
talline condition, ^ ^ belongs to this group, as does cyanin, isolated 
by Willstatter in 1914 from the cornflower. Pelargonin, cyanin, peonin, 
malvin, and hirsutin have been synthesized by Robinson. Certain 
anthocyanins, delphinin, gentianin, monardaein, and salvianin, for 
instance, yield in addition to the pigment, and the sugar or sugars, a 
third component which is invariably an organic acid. These represent 
the acylated anthocyanins [group (e) above]. The acids found so far 
are p-hydroxybenzoic, malonic, p-hydroxy cinnamic, and p-coumaric acid 
(see the work of Karrer^’^^), The acid radicals can be either in ester 
combination with one of the hydroxyl groups of the pigment nucleus, 
or attached to an hydroxyl of the sugar component. The hydrolysis of 
some representative anthocyanins is illustrated in the following equa- 
tions : 

C27H31O16CI + 2H2O C15H11O5CI + 2C0H12O0 

Pelargonin chloride Pelargonidin Glucose 

chloride 

C30H31O16CI + 3H2O CisHuOrCl + CeHi206 + CgHgOs 

Gentianin chloride Delphinidin Glucose p-Coumaric 

chloride acid 

C41H39O21CI + 4H2O C15H11O7CI + 2 CgHi 206+ 2C7H6O3 

Delphinin chloride Delphinidin Glucose p-Hydroxy- 

chloride benzoic acid 

The Degradation Products of the Anthocyanidins. 7. 1 4 The occur- 
rence of the 2-phenylbenzopyrylium nucleus (II) in the various antho- 
cyanins was originally established by Willstatter through an alkaline 
fusion of the sugar-free pigments.* When the empirical formulas of 
the three parent classes are compared, it becomes evident that they 
differ from each other by a single oxygen atom, as represented below: 

Pelargonidin chloride C15H11O5CI or Ci5H70Cl(0H)4 
Cyanidin chloride CisHnOcCl or Ci5H60Cl(0H)6 
Delphinidin chloride C15H11O7CI or Ci5H50Cl(0H)6 

Karrer and co-workers, Helv. Chim. Acta, 10, 67, 729 (1927) ; 12, 292 (1929)- 10 607 
(1932). 

♦Supplementary evidence which indicated that the anthocyanidins contain the 
2-phenylbenzopyryli\im nucleus was the reduction (in vitro), of the flavonol quercetin 
(XXIV) to cyanidin (XXV).« 
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These three anthocyanidins degrade upon fusion with pxjtassium hydroxide 
into two simple products, one of which is a phenol, the other a phenol- 
carboxylic acid. The phenol obtained from each of the throe homologous 
anthocyanidins is the same, namely, phloroglucinol (1,3,5-trihydroxy- 
benzene) (X). The phenolcarboxylic acid obtained from the simplest 
anthocyanidin, pelargonidin (IV), is p-hydroxybenzoic acid (XI); that 
from the next simplest, cyanidin (V) is 3,4-dihydroxybenzoic acid or 
protocatechuic acid (XII); that from the third, delphinidin (VI), is 
3,4,5-trihydroxybenzoic acid or gallic acid (XIII). 

The relationship of the phenol common to the three parent antho- 
cyanidins and the respective phenolic acids is illustrated in the scheme 
below: 




XI 

p-Hydroxybenzoic Acid 



Protocatechuic Acid 



Methods introduced by Paul Karrer in 1927 for the purpose of 
establishing the precise nature of the phenyl residue in position 2 and 
the points of linkage of the sugar residues have proved fruitful and 
reliable. Prior to Karrer's work the position of the methoxyl residues 
in the anthocyanidin groups VII, VIII, and IX was not known, since 
the concentrated alkali employed to degrade the pigments also removed 
the methoxyls. The position of the sugar residues was likewise an open 
question. Karrer ^s degradation of the sugar-free pigments with dilute 
barium or sodium hydroxide (10 per cent) in an atmosphere of hydrogen, 
which yielded the phenolic acid with the methoxyl groups intact, was 
therefore, a significant advance. The results obtained by this method 
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were confirmed through a second method wherein a degradative oxida- 
tion with hydrogen peroxide was first employed to open the ring of the 
anthocyanidin between carbon atoms numbers 2 and 3 without removing 
either the sugar residue or the methoxyl groups. The resulting inter- 
mediate, which was obtained from malvin,* could subsequently be 
quantitatively hydrolyzed with dilute acid or alkali to the corresponding 
methoxylated phenolic acid, e.g., syringic acid. The derivative of 
phloroglucinol, which might be formed in this hydrolysis from the 
various methoxylated anthocyanidins and which would contain one of 
the sugar residues and an acid side-chain, has so far not been isolated in 
a crystalline condition. 

The course of these degradations can be illustrated with the digluco- 
side, malvin chloride (XX). Starting with rnalvidin chloride (VIII), 
degradation with dilute alkali gave on the one hand phloroglucinol (X) 
and syringic acid (XV) or 3,5-dimethoxygallic acid. The oxidative 
degradation with hydrogen peroxide transfomied malvin chloride (XX) 
into an intermediate malvon, whose exact constitution is not known, but 
which may be represented either by the structure XlVa or XlVb. 

If malvon is XI Va, degradation with dilute sodium hydroxide 
would yield syringic acid (XV) and a derivative of phenylacetic acid 
(XVI), 2-glucosido-4,6-dihydroxyphenylacetic acid (not isolated). If 
XTVb is the correct structure for malvon, s5Tingic acid (XV) would 
likewise be formed and a derivative of mandelic acid (XVII), 2-glucosido- 
4,6-dihydroxymand(dic acid (not isolated). The structure of syringic 
acid (XV) was known from previous studies in the tannin group, so the 
positions of the two methoxyls in the 3',5'-positions of malvin are estab- 
lished. The structure of the two phloroglucinol residues (XVI) and 
(XVII) is still an open question since neither has been isolated, nor 
have they been prepared through independent syntheses. 

Another mode of attack introduced by Karrer^^ involved the 
methylation of the anthocyanins themselves, which was followed by a 
subsequent removal of the sugar group and the identification of the 
unmethylated position which it originally occupied. It was largely 
through these approaches that the location of the sugar residue in the 
monoglycosides was allocated to the 3-hydroxyl position of the antho- 
cyanidin nucleus. 

Karrer's work in conjunction with Robinson's synthetical approach, 
which was being made at about the same time, eventually led to the 
conclusion that the second sugar residue in the diglucosides occupies 
position number 5 most generally. The total synthesis of malvin chloride 

* The corresponding intermediates from other members of the group have not been 
isolated. 
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General Methods of Synthesizing the Anthocyanidins and the 
Anthocyanins. The constitution originally assigned by Willstatter to 
the three parent types of the class, e.g., pelargonidin (IV), cyanidin 
(V), and delphinidin (VI), has been confirmed through syntheses carried 
on independently in the laboratories of Willstatter®*^ and Robin- 
gon. 8. 10 , 11,12,13 resulting synthetic specimens have been care- 

fully compared and identified with the natural products. The two gen- 
eral methods that have been employed are: 


1. The addition of aryl Grignard reagents to coumarins: 

X 




\/\c/ 
H 


c=o 

I 

CH 


+ 


XMg<^ 


vV 


2. The condensation of o-hydroxybenzaldehydes with appropriate 
ketones followed by ring closure : 

^ ^ I^OH ^ 

+ C<y / I — .W I I ll 

•CHO I ^ I A ..CIl 




H 2 CH 


H 




Willstatter® used the first of these methods in the synthesis of pelar- 
gonidin and cyanidin. Robinson ^ 0, 1 5 employed the second method 
with eminent success in the synthesis of all the anthocyanidin types. 

The total synthesis of several naturally occurring anthocyanins * 
by Robinson and his school 1 ^ i repn'sents an even greater achieve- 
ment than the synthesis of the six type anthocyanidins. The general 
procedure of Robinson's method is illustrated by the synthesis of 
malvin, the 3,5-diglucoside of malvidin, which occurs in the wild mallow 
and in certain primulas. ^ ® 

Mai vidin is 3 ,5 ,7 ,4 tctrahydroxy-3 ' , 5'- dimethoxy-2- phenylbenzo- 
pyrylium chloride (VIII). The synthesis of the diglucoside malvin was 
accomplished in the following manner. The 2-0-acetylglucoside of 
phloroglucinaldehyde (XVIII) (2-0-tetra-acetyl-/3-glucosidylphloro- 
glucinaldehyde) was condensed with co-0-tetra-acetyl-/?-glycosidoxy-4- 
acetoxy-3,5-dimethoxyacetophenone (XIX) in dry ethyl acetate solution 

Robinson and co-workers, J. Chem, Soc., 2665 , 2701 ( 1931 ); 2299 ( 1932 ). 

♦ These are chrysanthemin, oenin, pelargonin, cyanin, and malvin. 

Robinson and co-workers, ihid., 125, 188 ( 1924 ); 127, 166 ( 1925 ); 1968 ( 1926 ). 
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with hydrogen chloride.* The resulting condensation product was 
treated with barium hydroxide to remove the acetyl groups from the 
sugar residues. Then the flavylium salt, malvin chloride, was generated 
by treatment with hydrochloric acid. No divergences in the properties 
and behavior of the natural pigment (isolated by Karrer) and the syn- 
thetic could be detected. The important reactions involved in this 
synthesis are presented structurally in the scheme below : 


MeO ^ MeO 

AcO<^C< 

Meb Me( 


O 



XT MeO 


o 



!— CH2OH 


Acetylayringoyl- 

chloride 


a>-Di azo-4-acetox V- 
3 , 5<-di methoxy acetopnenone 


•n- 

OH 


HO 


-|- jS-bromoacetyl glucose - 


Phloro- 

glucinaldehyde 


(Ac0)40C6H7 
XVIII 

2-O-tetra-acetyl- 
/S-glucosidyl phi oro- 
glucinaldehyde 


a)-Hydroxy-4-acetoxy- 

3,5-dimethoxyacetophenone 


0-bromo 


HOj^OH 

IJcHO 



N3CeH70(0Ac)4 


XIX 

ci>-0-tetra-acetyl- 

|8-Kluc(>sidoxy-4-ace- 

toxy-3,5“dimethoxy- 

acetophenone 


Ba(OH )2 



XX 

Malvin chloride 


HCl in ethyl acetate 

i 

acetylated malvin chloride 


General Properties and Isolation of the Anthocyanins.^ As 

might be expected from the usual occurrence of these pigments in the 
plant cell sap, all members of the group are soluble in water. They are 
also quite soluble in the hydroxylic solvents, but they are insoluble in 
such non-hydroxylic solvents as ether, benzene, or chloroform. Since 
they cannot be extracted from the plant tissue by means of the volatile 
solvents, special means of separating the accompanying water-soluble 
substances had to be developed. 

Willstatter^’^ recognized at the outset that these pigments are 
amphoteric substances and that they form true oxonium salts with acids. 

♦ The letter oi (omega) is used to denote a substituent at the end of any chain. 

" Robinson and Robinson, Biochem. J., SS, 1687 (1931) ; 26. 1647 (1932) ; 27. 206 (1933). 
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These salts are remarkably stable and have extraordinary crystallizing 
properties. Consequently in the final stages of the isolation, the pigment 
is usually converted into its hydrochloric or picric acid salt. 

The isolation of a member of this group usually proceeds along the 
following general lines. The pigment is first extracted from the plant 
material with methyl or ethyl alcohol containing hydrochloric acid. The 
crude chloride is then precipitated with ether. It is purified by redis- 
solving in aqueous hydrochloric acid, a suitable quantity of alcohol is 
added and then ether to effect a rcprecipitation of the salt. The final 
recrystallization may be done with alcoholic hydrochloric acid or aqueous 
alcoholic hydrochloric acid. 

Karrer * ® has recently shown that at least some of the anthocyanins 
obtained by the above procedure can be purified through the use of the 
chromatographic adsorption technique of Tswett and that certain pig- 
ments in this group heretofore regarded as pure are mixtures containing 
traces of other anthocyanins. 

The acid salts of the anthocyanins and anthocyanidins are usually 
red; the metallic salts with bases are blue. In the neutral state the pig- 
ments are purple. Thus, cyanin, the pigment of the blue cornflower 
and of the rose, is red in solutions of pH 3.0 or less, violet at pH 8.5, and 
blue at pH 11.0. The red, violet, and blue forms are the oxonium salt 
(XXI), the color-base* (XXII), and the salt of the color-base (XXIII) 
(after WillstMter).t 


S:* OH 

^ OH 


CeHiiOs-O O-CtiHiiOs 

XXI 

Oxonium salt of cyanin 




OH 


=0 


ho/N/®'v= 


^ b CoHnOs 

CeHiiOsO 

XXIT 

Color base of cyanin 

ONa 


>=0 


k^y\/3C6Hii05 

CeHnOsO 

XXTII 

Salt of the color base of cyanin 


Karrer and co-workers, Helv. Ckim. Acta, 19 . 28, 1025 (1936). 

* As yet no evidence exists in regard to the assumed position of the quinonoid group 
and the acidic hydroxyl. 

t For other methods of formulating the salts and pseudo-bases on the basis of the 
oarbonium and carbenium theory see Hill, Chem. Rev. 19 , 27 (1936). 



ANTHOCYANINS AND THE FLAVONES 


1125 


Absorption Spectra of the Anthocyanidins. The anthocyanidins as 
well as all the anthocyanins studied so far have strong absorption 
powers over the range of 6,000 to 2,000 A units. The absorption 
spectra (p. 1771) of the sugar-free pigments and the glycosides of the 
pigments are approximately the same. A maximum absorption, the 
cause of the color, lies in the visible spectrum. All members examined 
also have a band that lies in the vicinity of 2700 A. The absorption 
spectra of the chlorides of three anthocyanidins (concentrations 0.0001- 
0.00004 molar in ethyl alcohol) are presented in Fig. 1. (After Schou. ^ ®) 


4.5 


4.0 
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o 
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1. Pelargonidin 2. Cyanidin 3. Delphinidin 

Fia. 1 

Factors Affecting the Colors of Anthocyanin Pigments in the Plant. 

Recent studies by the Robinsons ^ lead to the belief that the main 
factors affecting the colors of the anthocyanin pigments in the cell sap 
are (1) the nature and concentration of the anthocyanins and other 
colored substances present; (2) the state of aggregation of the antho- 
cyanin in solution, which is determined in part by the pH of the cell sap 
and the presence or absence of protective colloids of the polysaccharide 
group (the pentosans); and (3) the presence or the absence of co-pig- 
ments (the tannin and flavone glycosides) and possibly also the effect 
of alkaloids (p. 1018), of traces of iron and other metals that form com- 
plex combinations. 

The Occurrence of the Anthocyanins.^* ^ ^ Over twenty glycosidic 
combinations of the various anthocyanidins have been isolated from the 

“Schou, Hdv. Chim. Acta, 10, 907 (1927). 
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flowers and fruits of plants. The anthocyanins usually occur as mix- 
tures, and the amount in the various flowers varies over a wide range. 
Thus, the cyanin of the blue cornflower represents 0.75 per cent of the 
weight of the dry petals. In certain deep red dahlias this pigment 
comprises over 20 per cent of the dry weight of the petals, and in the 
dark blue pansy the anthocyanin content (violanin) is approximately 
33.0 per cent. 

The Robinsons ^ ^ have made an extensive survey on the occurrence 
of anthocyanins and have developed means of detecting qualitatively 
the type of anthocyanidin derivative that an extract of the plant tissue 
in question might contain. In some instances they have been able to 
distinguish the nature of the sugar residues (e.g., methylpentose or aldo- 
pentose) (p. 1450) attached to the pigment. 

The methods have been developed from an exhaustive study of the 
chemical behavior of the pure anthocyanins and anthocyanidins iso- 
lated either from natural sources or prepared synthetically. The basis 
for the methods are the characteristic color reactions given by the antho- 
cyanins with alkalies and ferric chloride and the distribution coefficient 
of the anthocyanin between immiscible solvents. The tests employed 
are; 

1. Oxidation test. The addition of 10 per cent aqueous sodium 
hydroxide to a dilute solution of the pigment which is then shaken in 
the presence of air. Petunidin and delphinidin are destroyed at once; 
the other members of the group are relatively stable. 

2. Extraction with amyl alcohol, addition of sodium acetate and a 
trace of ferric chloride. Characteristic color reactions are observed. 
The color is particularly pronounced if cyanidin is present. The violet 
amyl alcohol solution changes to a pure blue in the last stage of the 
reaction. Pelargonidin, peonidin, and malvidin do not give the ferric 
chloride test. 

3. Distribution between 1 per cent aqueous hydrochloric acid and a 
mixture of anisole (5 volumes) and ethyl isoamyl ether (1 volume) con- 
taining 5 g. of picric acid in 100 cc. Delphinidin is not extracted by 
the organic solvent layer; petunidin is taken up to some extent, cyanidin 
to a considerable extent, whereas malvidin, peonidin, and pelargonidin 
are completely extracted if the solution is sufficiently dilute. 

4. Distribution between 1 per cent hydrochloric acid and a mixture 
of cyclohexanol (1 volume) and toluene (5 volumes). Delphinidin and 
petunidin are not extracted, malvidin gives the organic solvent layer a 
faint blue tint, cyanidin a pale rose tint, while peonidin and especially 
pelargonidin are extracted to a considerable extent. 

The above tests are readily applicable to crude extracts, for usually 
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only one pigment is involved in the production of the color in the plant 
material extracted. 


The Relationship of the Anthocyanidins to Other Classes of Plant 
Products. ^ The anthocyanidins represent a class 
of substances which from the standpoint of degree of oxidation lie inter- 
mediate between the flavonols and the catechins. This is illustrated 
by a comparison of the anthocyanidin, cyanidin (XXV), to the flavonol, 
quercetin (XXIV), and to d,i-epicatechin (XXVI). 


OH 



HO II 


O 

XXIV 

Quercetin (flavonol) 



HO 

XXV 

Cyanidin (anthocyanidin) 


H OH 



HO H2 

XXVI 

d,Z-Epicatechin 


In fact, cyanidin has been obtained in vitro from quercetin, by means of 
reduction with magnesium in aqueous methyl alcoholic hydrochloric 
acid solution,® and the reduction of cyanidin to d,i-epicatechin has also 
been realized.^® The reverse reaction, that is, the oxidation of the less 
oxidized substance to a higher stage of oxidation, has so far not been 
achieved. 

The successful conversion of a widely distributed anthoxanthin 
(quercetin [XXIV]) into a widely distributed anthocyanidin (cyani- 
din [XXV]) has led to speculations that similar reactions occur in 
the plant and indicate the course of the phytochemical synthesis. 
Robinson®' ^2,24.25 however, of the opinion that there is little justifi- 

Freudenberg and co-workers, Ann., 444 , 135 (1926). 

Wheldale, Nature, 129 , 601 (1932). 

** Stewart, “Recent Advances in Organic Chemistry,’* Longmans, Green and Co., 
London (1930), 6th ed., Vol. II, Chapter VII. 

Robinson and Robinson, Nature, 180 , 21 (1932). 

Robinson, ibid., 187 , 172 (1936). 

Robinson and Robinson, J, Chem. Soc„ 744 (1935). 
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cation for this view and has suggested that the flavones and antho- 
cyanidins are independently synthesized from a common starting point 
through a transformation involving an oxidation. Continuing the work 
of Rosenheim, the Robinsons have established the presence in plant 
tissue of colorless precursors (called leuco-anthocyanidins) which yield 
colored anthocyanin-like pigments on treatment with hydrochloric acid 
in the presence of oxygen. The leuco-anthocyanidins have in some 
instances been obtained in a crystalline form and have been shown to 
be both glycosides and sugar-free substances. They are classified on 
the basis of solubility in water and the property of being extracted from 
aqueous solutions with ethyl acetate. 

A detailed study of the mechanism of the biosynthesis of the flavonols, 
anthocyanidins, and catechins will without doubt lead to many interest- 
ing results which should be of great significance to our understanding of 
phytochemical processes in general.* 


The Distribution and Occurrence of Some Representative Members of the 
Six Type Anthocyanidins 


1. Pelargonidin derivatives 


Pelargonin 

Diglucoside 

Scarlet pelargonium, orange-red 
dahlia, red cornflower 

Punicin 

Diglucoside (seemingly iden- 
tical with pelargonin) 

Punica granaturn 

Monardaein or 

Diglucoside — contains also p- 

Monarda didyma and Salvia splen- 

salvianin 

hydroxycinnamic acid and 
malonic acid 

dens, Selle and coccinea L. 

Callistephin 

Monoglucoside 

Callistephus chinensis, Nees, syn. 
Aster chinensis L. 


2. Cyanin Derivatives 

Cyanin 

Diglucoside 

Red rose, blue cornflower, deep- 
red dahlia 

Mekocyanin 

Diglucoside 

Dark red Mohn (Papaver Rhoeas 

L.) 

Black (dark) cherries 

Keracyanin 

Rhamnoglucoside 

Sambucin 

Monoglucoside (apparently 
identical with chrysanthe- 
min) 

Elderberries {Samhucus nigra) 

Idaein 

Galactoside 

Cranberries (mountain) 

Chrysanthemin 

Monoglucoside 

Scarlet-red wint'^r aster 


or asterin 


Rosenheim, Biochem. J., 14 , 73 (1920). 

♦ For details on the biological significance of the anthocyanins see references 4, 22, 24, 
and 25. The distribution of the individual pigments among the flowering plants is 
treated in references 3, 4, 5, and 17. 
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Delphinin 

Violanin 

Gentianin 


3. Delphinidin 
Diglucoside 
Rhamnoglucoside 
Monoglucoside, contains 
p-hydroxycinnamic acid 


Derivatives 

Delphinium Consolida L. 

Viola trichlor L. 

Gentiana acauliSf Gentiana vul- 
garis 


4. Peonidin Derivatives 

Peonin Diglucoside Red peony 

Oxycoccicyanin Monoglucoside Fruit of Oxycoccus macrocarpus 

Pers. 


5. Malvidin (Syringidin) Derivatives 

Malvin Diglucoside Wild Malve, Primula viscosa 

Oenin Monoglucoside Blue grape 

6. Hirsutidin Derivatives 

Hirsutin Diglucoside Primula hirsuta 


THE FLAVONES 

Introduction. The flavones (from the Latin for yellow) represent 
an important group of pigments that occur in the plant king- 
dom. Of all the natural pigments that can be used as 

dyestuffs they are by far the most widely distributed in nature.* They 
occur naturally in combination with rhamnose or glucose as glycosides, 
sometimes imcombined, and frequently also associated with tannins. 
One of the members of this group, luteohn, the main coloring matter 
of the herbaceous plant known as weld (Reseda luieola)^ is said to be the 
oldest European dyestuff known. Some of the flavone dyestuffs that 
are still significant economically are weld, young and old fustic, and 
quercitron bark. The use of these, however, is largely confined to the 
uncivilized or semi-civilized countries in which they abound. The chem- 
istry of the flavones, which bears a striking resemblance to the antho- 
cyanidin group (p. 1114), was elucidated largely through the researches 
of von Kostanecki, Herzig, and A. G. Perkin, and dates from the period 
of 1895 onward. 

The basic unit of the flavones is 7 -pyrone (I), the anhydride of an 
unsaturated l,5-dihydroxy-3-ketone. 7 -Pyrone is a colorless solid and 

Klein (editor), “ Handbuch der Pflanzenanalyse,” Springer, Vienna (1932), Vol. Ill, 
pp. 851-941. 

28 Abderhalden, “ Biochemisches Handlexikon,'’ Springer, Berlin (1911), Vol. VI. 

2» Bomer, Juckenack, and Tillmans, “ Handbuch der Lebensmittel Chemie,” Springer, 
Berlin (1933), Vol. I, p. 604. 

* That their distribution in plants is practically universal can be readily demonstrated 
by the color reaction with alkalies. This reaction is best shown by colorless parts of 
plants, such as white flowers. Placed in ammonia vapor, almost any white flower will 
turn bright yellow. 
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has been prepared synthetically by Claisen.^o The simplest aromatic 
derivative of 7 -pyrone is benzopyrone (II), commonly called chromone. 
Substitution of a benzene residue in position 2 of the 7 -pyrone nucleus 
produces 2-phenylbenzopyrone (III), or flavone. When the hydrogen 
on carbon atom 3 in the 7 -pyTone ring of flavone is substituted by 
hydroxyl, 3-hydroxyflavone (IV), or flavonol, is formed. 



The various flavones and 3-hydroxyflavones, or flavonols, differ from 
III and IV, respectively, in that substitution of hydrogen atoms by 
hydroxyl groups has taken place in either the phenyl or benzo radical of 
the pa^’ent formulas. The accompanying table lists a few of the typical 
members of the group and illustrates the comparative constitution.* 
The structure of the members listed here has been verified through 
degradation studies and by syntheses. 

Properties of the Flavones. Most of the flavones are yellow crystal- 
line solids (with high melting points), soluble in water, alcohol, dilute 
mineral acids, and alkalies. From their solutions they may be precipi- 
tated by lead acetate, the precipitate being yellow, orange, or red. With 
ferric chloride a dull green or sometimes a red browm coloration results. 
The solubility of the flavones in acids is due to the basic properties of 
the oxygen atom in the 7 -pyrone nucleus. The oxygen atom by becom- 
ing tetravalent can form additive compounds with acids producing 
oxonium salts. The salts are, as a rule, more highly colored than the 
bases from which they are derived, and are generally very unstable in 

30Claiflen. Ber., 24 , 118 (1891). 

♦ For a detailed compilation of the structure, physical properties, mode and place of 
occurrence of the many flavone pigments that have been studied to date see references 
1, 2. 3, 27, 28, 29, 30. 
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an acid. Phloroglucinol and protocatechuic acid are commonly formed, 
and sometimes resorcinol and resorcylic or hydroxybenzoic acids, depend- 
ing on the substitution in the benzene rings in positions 2, and 5,6 of the 
7 -pyrone nucleus (I). Thus, quercetin and luteolin yield phloroglucinol 
and protocatechuic acid (3,4-dihydroxybenzoic acid). Apigenin and 
kaempferol yield phloroglucinol and p-hydroxy benzoic acid. 



Synthesis of the Flavones. Various methods have been developed 
by von Kostanecki, Perkin, Robinson, and others. ^ One of the 
most useful general methods involves a condensation of appropriate 
alkylated o-hydroxyacetophenones (X) with esters of aromatic acids, 
(XI), or esters of alkylated salicylic acid (XII) with acetophenones 
(XIII) in the presence of sodium. 


O 




Flavone 


Another general method employs a condensation of o-hydroxyaceto- 
phenone (or its methoxyl derivative) with benzaldehyde (its hydroxyl 


Hep worth, “Chemical Synthesis,” Blackie and Son, London (1924). 

** Abderhalden, Handbuch der bioiogischen Arbeitsmethoden,” Urban and Schwari* 
enbergf Berlin (1922), Vol. I, Part 10, Supplement 84. 
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or methoxyl derivatives). The appropriate hydroxyl or methoxyl 
derivatives of the two starting products are chosen depending on the 
flavone sought. 


s/ 


OH 




CH, + 


XIV 

o-Hydroxy acetophenone 






ii 



A 


XV XVI 

Bensaldebyde o-Hydroxybenzalacetophenone 

(o-hydroxychalkone) 

HCl I 
(alcoholic) 


bromination 


followed by 
elimination of 
HBr with NaOH 



III 

Flavone 


XVII 

Flavanone * 

(2,3-dihydroflavone or 2-phenyl- 
2,3“^hydrobeuzopyrone] 


When flavanone f (XVII) is treated with amyl nitrite and strong 
hydrochloric acid in alcoholic solution, the oximino (isonitroso) com- 
pound (XVIII) is formed, which on boiling in acetic acid solution with 
10 per cent sulfuric acid forms 3-hydroxyflavone or flavonol (XIX). 



+ HC1 

XVII XVTII XIX 

Flavanone Oximiuoflavanone Flavonol [3-hydroxyflavonel 

Finally, flavonol derivatives can be obtained by reacting the appro- 
priate a>-methoxyacetophenone with appropriate phenolic acid anhy- 
drides. An example of this reaction wliich was developed by Robinson 
is presented below. 

The synthesis of quercetin (XXVI) (3,5,7,3',4'-pentahydroxyflavone) 
was realized by von Kostanecki^^ in 1904. Phloroacetophenone-4,6-di- 


♦ When the carbon 3 in the flavone is completely reduced with the elimination of the 
double bond the structure is called a flavanone, 

t Derivatives of flavanone also occur in nature. Hesperitin, the glycoside occurring 
in oranges, is a flavanone. It is 5,7,3'-trihydrox5"-4'-methoxyflavanone-7-rhamno8ide. 
See references 1, 2, 3, 27, 28, 29. 

33 Allan and Robinson, J. Chem. Soc., 125 , 2192 (1924); 2334 (1926). 

3^ von Kostanecki, Lampe, and Tambor, JBer., 37, 1402 (1904). 
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methyl ether (XX) was condensed with veratric aldehyde (XXI). The 
resulting 2-hydroxy-4,6,3',4'-tetramethoxychalkone (XXII) was then 
boiled with dilute sulfuric acid in methyl alcohol and converted into the 
2,3-dihydrotetramethoxyflavone (XXIII). The introduction of the 
hydroxyl on carbon number 3 in the pyrone ring was done in the usual 
manner through the oximino compound (XXIV). Finally, removal of 
the four methoxyl residues from tetramethoxyquercetin (XXV) pro- 
duced quercetin (XXVI), identical in all respects with the naturally 
occurring pigment. The various stages of this synthesis can be illus- 
trated structurally as follows: 



XX XXI XXII 


dilute 

H2SO4CH8OH 



XXV 

3-Hydroxy-3,7,3',4'-tetra- 

metlioxyflavone 


XXVI 

Quercetin f3,5,7,3',4'- 


un |3, 5, 7, 3', 4 -pel 
droxyflavonej 


ntahy- 


A direct synthesis of quercetin (XXVI) was realized in 1926 by 
Robinson. 3 3 Oj-Methoxyphloroacetophenone (XXVII) was condensed 
with the anhydride of 3,4-dimethoxybenzoic acid (veratric anhydride) 
(XXVIII) in the presence of the potassium salt of veratric acid. A 
molecule of veratric acid is regenerated as a result of the condensation 
which produces the 3,3',4'-trimethyl ether of quercetin (XXIX). 
Removal of the methoxyl residues from the trimethoxyquercetin 
(XXIX) yielded the free pigment (XXVI), m.p. 313-314°, identical 
in all respects with the naturally occurring product. 
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XXVII XXVIII 

«-Methoxyphloro- Veratric anhydride 
acetophenone 



3,3',4'-Trimethyl ether 
of quercetin 
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INTRODUCTORY 

Introductory and Historical. The name “ carotenoid is applied 
to a class of polyene pigments which are found widely distributed in 
both the vegetable and the animal kingdom, and includes most, or at 
least a large majority, of those naturally occurring pigments heretofore 
known as luteins, lipochromes, lipoxanthins, or chromolipoids. 

The one first discovered, most plentiful in nature, and best known, 
is carotene itself, which was isolated by Wackenroder,^ in 1831, in 
ruby-red crystals, from the root of the cultivated carrot {Daucus caroia), 
and named by him carotin. It is a mixture of at least three isomers, 
alpha-^ beta-y and gamma-carotenes, the beta- being the dominant form. 
Since all three are polyene hydrocarbons, of the formula C 40 H 56 , the 
original spelling has been changed to carotene,^^ in conformity with 
present international rules for the nomenclature of organic compounds. 

As a class, the carotenoids are of exceptional interest, not only 
because of their widespread occurrence in nature, their chemical and 
biological connections or associations with th^ terpenes, sterols, lipids, 
albumins, and other important products of the living cell, and the recog- 
nition of several of them as progenitors of vitamin A, but also for the 
reason that a wholly new and fascinating domain has been opened by 
their study, a domain whose further exploration holds brilliant promise 
of discoveries of importance to chemistry, biology, and medicine, and of 
benefit to mankind. 

Not All Yellow or Orange Natural Pigments Are Carotenoids. The 

carotenoids are not the only yellow or orange pigments found in plants 


^ Wackenroder, Geigera Mag. Pharm., 33, 144 (1831). 
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or animals, for there are the flavones (p. 1130), flavonols, flavins, xan- 
thones, various anthracene derivatives (like chrysophanic acid), and 
others; but the yellow color of flowers is most often due to a carotenoid. 

Definition of a Carotenoid. A carotenoid may be defined as a 
nitrogen-free polyene pigment, consisting wholly or chiefly of a long 
acyclic chain of carbon atoms united in an uninterrupted sequence of 
conjugated double bonds (p. 575), which system of conjugations func- 
tions as the chromophore. These pigments vary in color from a bright 
yellow to a deep red, or even a violet, or a dark blue, the depth of shade 
increasing with the number of conjugations in consecutive union, and 
decreasing as the double bonds arc saturated. They are generally 
insoluble in water, but dissolve in fats. 

Nomenclature. For convenience, those carotenoids which occur 
in plants are designated as phytocarotenoids, those in animals as 
zoocarotenoids. 

Hydroxyl derivatives of the carotenes, which hitherto have been 
known as xanthophylls or phytoxanthins, are designated as carotenols 
in what follows, the name xanthophyll '' being retained for the 3,3'- 
dihydroxy-aip/ia-carotene, which also goes by the name of lutein." 
This latter name was originally given by Willstatter and Escher^ to the 
carotenoid isolated by them from egg yolks, but Kuhn, Winterstein, 
and Lederer,^ and Kuhn and Srnakula,^ have shown that the pigment 
so isolated is a mixture of approximately two-thirds xanthophyll and 
one-third zeaxanthin. 

Unfortunately, the term “ carotenone " is not available as a generic 
designation for corresponding ketonic carotenes, since it has been used 
already by various investigators for compounds (cf. 6eto-carotenone, 
azafrinone, etc.) which are not simple keto derivatives of the carotenoid 
whose name they bear. 

Numbering. Different systems of numbering the carbon atoms of 
the carotenoid structural formulas have been employed and are still 
current. The one adopted for this chapter, as shown on pp. 1154 and 
1155, is that of Karrer. 

Kuhn and Brockmann^ number the 6e^a-carotene carbons thus: 

4 3 2 2 3 4 

C-C CMea Me Me Me Me CMes-C-C 

III I I III 

C-CM6=C-C=C-C=C-C=C-C=C-C=C-C=C-C=C-C=C-C=C-C=CMe-C 

6 6 1 1 2 3 4 6 6 7 8 9 10 11 12 13 14 15 16 17 18 1 6 6 

2 Willstatter and Escher, Z. physiol. Chem., 76 , 214 (1912). 

3 Kuhn, Winterstein, and Lederer, ibid,., 197 , 141 (1931). 

* Kuhn and Smakula, ibid., 197 , 161 (1931). 

® Kuhn and Brockmann, Ann., 516 , 95 (1936), 
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Heilbron and his co-workers use this Kuhn and Brockmann system, 
and give the following numbering for the carbon atoms in gammor 
carotene : 

432 24 23 22 

C-C CMc 2 Me Me Me Mo Me 2 C=C-C 

I I I I II I 

C-CMe=G-C=C-OC-C=C-C=C-C=C-C=CVC=C-C=C-C=C-C=CMe-C 

6 S 1 1 2 3 4 S « 7 H 9 lU 11 12 13 14 15 16 17 18 1» 20 21 


and for vitamin A, ^ 


C-Q CMej 

I I 

C-CMe=C'- C=C-C=C-C=r-C=C-CH20H 

66 iiOri^tbytia 

* Heilbron and Lythgoc, J. Chem. Soc., 1376 (1936). 

^ Davies, Heilbron, Jones, and Lowe, ibid., 584 (1935). 
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^-Carotene C 4 oH 6 « Carrot, Urtica Dark red 184° =t0° 521 Refractive index 

urens, green plates 485 (CHCI 3 ) 1-453 

leaves, etc. 450 11 2 Vitamin A ac- 

ti\ity 
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Cynthiaxanthin Halocynthia pap- Yellow 188-190° ol7 Kesembles zeax- 

pilom prisms 483 OH anthin 

452 



Echinenone C 40 H 6 SO Sea urchin Violet needles 102-193° 520 Apparently re- 

=bH 2 {Echinus escu- 488 lated to /3-caro- 

lentus) 450 tenone. Exhib- 

its \itamin A 
activity 
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glycymeris (a 
mussel) 
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Myxoxantliophyll C 4 oHs «07 Blue-green algae 169-170® la]cd= 518 

(Myxophyceae) —255® 484.5 

(EtOH) 450 (OH) 

(CHCl.) (?) 
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Spirilloxanthin C 48 H 66 O 8 Sulfur bacteria Red crystals 218-219° OH 15 Very sensitive to 

{Spirillum ru- light 

brum) 
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Sarcina pigment Sarcina luiea 490 
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TABLE III 

Naturally Occurring Carotenoids of LTndetermined Constitution 

Acanihodiaptoinus yamanacensisy Brehm, contains a carotenoid pigment, either 
free or as an ester. *2 

Bacillus lomhardo pellegrini. Chargaff and Lederer ^3 report the presence therein 
of a carotenol, with absorption maxima at 491 and 458 m/u. 

Coralin is the name given to a carotenoid, isolated by Reader, 84 from Streptothrix 
corallinus. Its ether solution showed absorption bands at 509-485, and 465-455 mp. 

Grassberger bacillus produces a carotenol, who.se absorption bands show maxima 
at 506 and 477 m/i. 

Green leaves, according to Strain, in addition to known carotenoids, contain the 
following new carotenols; 

1. Absorption maxima at 451 and 422 mp in alcohol; [aJeers = ~ 56°, in CHCU. 

2. Absorption maxima at 446.7 and 437.4 m^i in EtOH. 

3. Several others, in small amounts. 

New carotenoids recently announced are: eloxanthin, from Elodea canadensis^*'’ 
leprotene, from acid-fast lepra bacteria;®"** lutein isomer, from Ulex europaeus.^*'’ 

Chemical Classification and Structural Formulas 

Carotenoids may be divided, on the basis of their elementary compo- 
sition, into the hydrocarbons (lycopene and the carotenes) and the 
oxygenated compounds (xanthophylls, bixin, etc.) . Of these two groups, 

82Suginome, Uono, and Watanabe, J. Chem. Soc. Japan, 66 , 1199 (1935). 

83 Chargaff and Lederer, Ann. inst. Pasteur, 64 , 383 (1935). 

8 * Reader, Biochem. J., 19 , 1039 (1925). 

8* (a) Hey, Biochem. J ., 31 , 532 (1937). (5) Grundmann and Takeda, Naturwissenscha/-" 

ten, 26 , 27 (1937). (c) Schon, Biochem. J., 30 , 1960 (1936). 
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the former is generally the more soluble in ether or petroleum ether, 
and the less soluble in aqueous alcohol. 

Another classification which has found favor with some investigators 
has been to group them into the carotenoids proper,’’ i.e., those con- 
taining 40 carbons in the molecule, and those containing less. The first 
class is far more widespread in nature than the second, and hence of 
greater consequence. 

Chemically, the more important carotenoids may be regimented as 
shown on pp. 1154-55. 

A c?eZ^6i-carotenc has been described by Winterstein,^^ and an iso- 
carotene has been obtained synthetically by various investigators. ® ^ The 
isocarotene melts at 180 181° (corr.), is optically inactive, has absorption 
maxima (CS^) at 543, 504, and 472 m^u, 13 double bonds, and no provita- 
min A action. 

Dihydrocaroten(\s have been obtained by the action of aluminum 
amalgam upon a moist ether solution of the carotenes, s •‘5. 8 6. 8 7, 8 8. 

The pcrhydro derivatives, like the other carotenoids, were prepared 
in the course of the determination of the number of double bonds by 
catalytic hydrogenation. 

The graphic formula for \atamin A is included above, to make clear 
its structural relation to that of beta-carotene. 

To economize space in these extensive constitutional formulas, the 
chain of four isoprene units (C 2 oH 24 )> common to so many of them, 

[=CHCMe=CHCH=CHCMe=CHCII=CHCH=CMeCII=CHCH=CMeCH=l 

is represented by the symbol =[K]=; and the tautomeric chain, 

[-CH=CMeCH=CHCH=CMeCH=CHCH=CHCMe=CHCH=K:;HCMe=CH-] 


by -[K']-, 


Kuhn and Ledt'rer, Bcr., 65, 637 (1932), 

Kuhn and Wintersteiii, Helv. Chim. Acta, 11, 123 (1928). 

V. Euler, Karrer, Hollstrom, and Rydboin, ibid., 14, 839 (1931). 
8® Smith, J. Biol. Chem., 90, 597 (1931). 
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The formulas then appear as follows: 


Lycopene 

(C40H56) 


^awwa-Carotene 

(C 40 H 66 ) 


6 e<a-Carotene 

(C40H56) 


alpha-C&Totene 

(C 40 H 56 ) 


3 2 

CH2CH=' 

I 

CH2CMe= 

4 5 


1 

CMC2 


1' 2^ 3^ 

Me2C=CHCH2 


=CHCH=[K]=CHCH=CMeCH 2 
6 7 7' 6 ' 6 ' 4' 


3 2 

CH 2 CH 2 


— CMe2 


2^ 3^ 

Me2C=CHCH2 


CH->CMe=CCH=[K]=CHCH=CMeCH 2 
4 5 6 7 7' 6 ' 5' 4' 

32 1 1^2^ 3^ 

CH 2 CH 2 — CMe 2 Me 2 CCH 2 — CH 2 

II II 

CH 2 CMe=CCH=[K]=CHC=CMeCH 2 
4 5 6 7 7' 6 ' 5' 4' 


CH 2 CH 2 — CMe 2 


1 ' 2 ' 

Me2CCH2- 


CH 2 CMe=CCH==[K]==CHCHCMe=CH 
4 5 6 7 7' 6 ' 5' 4' 


Alcohols (Carotenols) 

Lycoxanthin (C 40 H 50 O) = 3-Hydroxylycopene. 

Lycophyll (C 40 H 50 O 2 ) = 3,3'-I)ihydroxylycopenc. 

Rubixanthin (C 4 oHr,fi( 3 ) = 3-Hydroxy-g'awma-carotene. 
Cryptoxanthin (C 4 oH 5 r,()) = 3-Hydr()xy-6(?^a-carotene. 

Zeaxanthin (C 4 oH 5 o() 2 ) = 3,3'-Dihydroxy-?>c/a-caroteno. 

Xanthophyll (C 4 ()H 5 {j 02 ) = 3,3'-Dihydroxy-a/p/?a-carotene. 
Flavoxanthin (C 4 ()H 5 o 03 ) = C 4 oH 53 (OH) 3 . 

Taraxanthin (C 4 ()H 5 r, 04 ) = C 4 ()H 52 (OH )4 (?) 

Violaxanthin (C 4 oH 5 r, 04 ) = C 4 ()H 52 (C)H )4 (?) 

Myxoxanthol (C 4 ()H 5 (iO), which results from the action of aluminum 
isopropoxide on rnyxoxanthin, has been assigned the following 
formula by Heilbron and Lythgoe:® 

3 2 1 3^ 

CH 2 CH 2 — CMe 2 Me 2 CHCH=CH 

I I I 

CH 2 CMe=CCH=[K]=CHCH==CMeCHOH 

4 5 6 6 ' 5' 4' 

It will be noted that this carbon skeleton differs from that of gamma- 
carotene in having a double bond between carbons 2 ' and 3 ', instead of 
between 1 ' and 2 '. 
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Capsanthol (C^oHcoOa), which has been obtained by the reduction 
of capsanthin by aluminum isopropoxidc, has been assigned the fol- 
lowing structure by Karrer and Hubner*' ' ® 


HOCHCH2 — CMea 


CMes— CHa- 


-CHOH 


CH2CMe=CCH=[K]=CHCHOH MeCHi.CH2 


Ethers 

Rhodoviolascin (C42HG0O2) = C4oIl54(OCH3)2 

MeOCCH=CMc2 Me2CHCH2CHOMe 

II 

CHCMc=CHCH=[K]=CHCH=CMeCH2 


Esters of Carotenols 

Helenien (C72HUCO4) = Xanthophyll dipalmitate. 
Physaiien (C72H11GO4) = Zcaxanthin dipalmitate. 


Myzoxanthin 

(C4oH.r,40) 


Ketones and Hydroxyketones 

CH2CH2— CMe2 Me2CHCH=CH 

I I I 

CH2CMe=CCH=[K]=CHCH=C.MeCO 


Rhodoxanthin 

(C4oH5()02) 


COCHo — CMe 2 iMe 2 CCH 2 — CO 

II ! i 

CH==C'MeC=CH— [K']— CH=CCMc=CH 


By reduction with zinc dust and acetic acid, or catalytically, it 
yields 


Dihydrorhodoxanthin 

(C40H62O2) 


COCH2— CMe2 I\Ie2CCH2— CO 

II II 

CH2CMe=CCH=lK]=CHC=CMeCH2 


By the action of aluminum isopropoxide, this can be reduced to 
zeaxanthin. 


Capsanthin 

(C40H58O3) 


HOCHCH2 CMeo Me2CCH2 CHOH 

II II 

CH2CMe=CCH=[K]=CHCO MeCH2CH2 


Capsorubin 

(C40H60O4) 


3 2 1 1 ' 2 ' 3 ^ 

HOCHCH2 CMe2 Me2CCH2 CHOH 

CH 2 CH 2 Me COCH=[K]=CHCO MeCH 2 CH 2 

4 6 6 7 7 ' 6 ' 6 ' 4 ' 


Fucoxanthin (C40H00O6) = 5 , 5 '-Dihydroxycapsorubin (?). 
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Reduction of the keto groups, followed by cyclodehydration, has 
been suggested as a possible explanation of the fact that in the living 
Fucus vesiculosusj fucoxanthin is found but no zeaxanthin, whereas in 
the dead alga the reverse is true. 

Euglenarhodone (C40H48O4) = 2,4,2',4'-Tetraketo-5e^a-carotene. 

Astacin (C40H48O4) = 3,4,3',4'-Tetraketo-6e<a-carotene. 

Acids and Derivatives 

Crocetin HOOCCMe=CHCH=CHCMe=CHCH 

(C20H24O4) jl 

HOOCCMe=CHCH=CHCMe=CHCH 

Crocin (C44H64O24) = Crocetin digentiobioside. 

Bixin (C25H30O4) HOOCCH=[K]=CHCOOMe. 

Azafrin CH2CHoCMe2 HOOCCH=CHCMe=CHCH 

(C27H38O4) I I j 

CHsCMeC— CH=CHCMe=CHCH=CHCMe=CHCH 

I I 

OH OH 

Asteric acid = C28H40O4 or C40H60O0 (?) 

OCCURRENCE 

Phytocarotenoids. The phytocarotenoids are found in the lower 
as well as in the higher phyla, from the Thallophyta to and including the 
Spermatophyta, and may be present in almost any part of the plant. 
They rarely occur singly, but several are usually found in close associ- 
ation in the same locale. For example, at least five such pigments 
coexist in the purple bacteria (Rhodovibrio) . 

With few exceptions, they are insoluble in water and hence not 
present in the cell fluids, differing in this respect from the flavones and 
anthocyanins (p. 1138), for example. One of the few water-soluble 
carotenoids is crocin, the chief constituent of the saffron pigment, which 
is a gentiobioside of the carotenoid, crocetin. Combination with gly- 
coses of albumins is one of the ways by which the living cell converts 
insoluble into soluble products. 

The carotenoids which have been investigated most thoroughly are 
mainly those of the Spermatophyta and those of certain algae. In 
general, the fungal-, bacterial-, and zoocarotenoids have been much 
less studied. Hence our knowledge of them is still meager. Most 
bacteria of orange color have been found to contain carotene.®® 

W Ingraham, Fred, and Steenbock, Wis. Agr. Expt. Sta., Bull, 430 (Ann. Rept, 
1933-4). 104 (1936). 
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Zoocarotenoids. Of the phytocarotenoids which occur in animals, 
lycopene, the carotenes, and carotenols (free or combined) are fre- 
quently encountered. Those which appear to be peculiar to animals 
are astacin, asteric acid, cynthiaxanthin, echinenone, glycymerin, 
pectenoxanthin, pentaxanthin, retinene, salmic acid, sulcataxanthin, and 
violerythrin. 

Vertebrates, as a rule, appear unable to synthesize carotenoids, 
and those which they contain, with but few exceptions, are phytocarote- 
noids taken in with their food. In the body of the water frog {Rana 
esculenta)y be^a-carotene, xanthophyll, and zeaxanthin have been found. 
As this frog lives chiefly on animal food, it would appear that phyto- 
carotenoids can pass unchanged through several different animal 
organisms.®^ 

The source of the astacin found in a mixed salmon oil and in the 
liver oil of Cyclopterus lumpus is probably the crustaceans on which 
these fish feed.'*^! 

Invertebrates, on the other hand, do seem to possess the power 
either to synthesize these polyene pigments for themselves, or to trans- 
form the carotenoids of their food, inasmuch as they contain carotenoids 
as yet unknown in the plant kingdom. 

Where and in What Forms Carotenoids Occur in Nature. The 
phytocarotenoids are usually found in the chrornatophores, or pig- 
mentary cells, embedded in the plasma. So far at least as lycopene is 
concerned, there is no evidence that it forms plastids or is produced by 
their decomposition.®^ 

The color of the chromatophore may be merely that of the carotenoid 
it contains; or, as so frequently happens, chlorophyll may be present 
in such overwhelming amount that only its green color is perceived. 
The green parts of most plants nearly always contain carotene and 
carotenols, in addition to their chlorophyll. The color of yellow leaves 
is more often due to carotenoids than to flavones. 

In flowers, fruits, and seeds, the amount of carotenoid present varies 
greatly. Barnes®^ found that, on the dry basis, after 145 days’ growth, 
the carotene in carrots amounted to 21.7 mg. per 10 g. Fresh young 
green lucerne, likewise on the dry basis, contains 40 mg. of carotene per 
100 g. of plant. ®^ Of leaf carotenes the major portion is generally the 
5cto-isomer. 2 ^ The alphoriorm varies from traces up to as high occa- 

Zechmeister and TuMon, Z, physiol. Chem.t 238 , 197 (1936). 

S0rensen, ibid., 236 , 8 (1935). 

** Smith, Cornell Univ., Agr- Expt. Sta., Mem. 187 , 3 (1936). 

Barnea, Cornell Univ,^ Agr. Expt. Sta.^ Mem. 186 , 36 pp. (1936). 

Myburgh, Onderstepoort J. Vet. Set., 6 , 475 (1935). 
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sionally as 35 per cent of the total. The Perfection pimiento appears 
to be a rich source of 6e^a-carotene, practically free of the aZpAa-isomer, 
one kilo of the dried shells furnishing 200-665 mg.^^ In milligrams per 
kilo, the carotene content of farm feeds has been determined as follows: 
green grass, 400-650; green alfalfa, 250-400; corn silage, 13-60; etc.®^ 
A kilo of fresh bitter nightshade (Solarium dulcamara) berries yields 
about 500 mg. of lycopene; and a kilo of Euonymus europaeus seeds, 
300-400 mg. of zeaxanthin. In the Chinese lantern plant (alkekengi), 
4 kilos of the fresh flower calices contain a total of 10-15 g. of physalien 
and cryptoxanthin. 

Full fertilization, or neon illumination, increases the carotene con- 
tent of some plants. Fraps and Kemmerer report that, in the storage 
of commercial feeds, especially at room or summer temperature, the loss 
(in both cases high) of vitamin A is much greater than that of carotene. 

Carotenoids occur in nature either free or combined. Occasionally 
they are found in crystalline form, as the carotene in the common carrot 
root or in the red bord(T of the corolla of Narcissus poeticus flowers, but 
more frequently they are present in colloidal solution in the lipids. 

Those found in the frcv state include the hydrocarbons (lycopene 
and the carotenes) and the carotenols of green leaves. It is possible 
that the presence of free carotenols (like xanthophyll) in plants may be 
due to enzymatic hydrolysis of their esters, but proof of this is still 
lacking. 

Those present in combination are usually in the form of esters (pig- 
ment waxes), although a h'W occur as glycosides (p. 1454) (crocin), 
or in union with albumins (especially in the zoocarotenoids). In such 
esters, the polyene chromophore may be either in the alcohol or in the 
acid portion of the molecule, and this can be ascertained quickly by 
hydrolysis, for they are very easily saponified by alkali. In this way, 
the physalien, C 72 Hii( 5 () 4 , of the alkekengi has been shown to be zea- 
xanthin dipalmitate, C4oHr>4(0()CCi5H;u)2; and helenien, its isomer, 
present in a variety of flowers, has been similarly identified as the dipal- 
mitate of xanthophyll. In the yellow pansy flowers there are esters of 
violaxanthin, in dandelion flowers esters of xanthophyll and of tarax- 
anthin, and in the paprika pods esters of various carotenols with a num- 
ber of different fatty acids. 

How Carotenoids Are Formed in Nature. There are many good 
reasons for the belief that one of the chief building units utilized by 

strain, J. Biol. Chem., Ill, 85 (1935). 

Brown, Science, 79, 481 (1934). 

Shinn, Kane, Wiseman, and Cary, Proc. Am. Soc. Animal Production, 27, 190 (1934). 

Pftitzer and Pfaff, Aiigew. Chem., 48, 581 (1935). 

Fraps and Kemmerer, Am. Chom. Soc., Kansas City Meeting (Apr. 13-17, 1936). 
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nature in the synthesis of plant products in particular, and to a lesser 
extent of animal products, is the unsaturated hydrocarbon isoprene, 
C5H8, or 6e^a-methylbutadiene, CH2=C(CH3)CH=CH2. The forma- 
tion of larger molecules from isoprene is assumed to occur in one of the 
following three ways : 

1. By direct linear head-to-tail union, 

c c c 

I I I 

— C— C— C— C— (— C— C— C— C— )„— c— c— c— c— 

a polymerization which may result in either acyclic or cyclic hydro- 
carbons, and which is generally regarded as the origin of the terpenes, 
(CsHs)^ (p. 6). 

2. By a similar type of polymerization, with concurrent hydrogena- 
tion, which would explain the formation of such hydrocarbons as that 
from which the alcohol phytol, C2()H4oO, is derived. 

3. By addition with accompanying dehydrogenation in 1,4-posi- 
tion: CH2=CMeCH=CH2 less H2 =-CHCMe=CHCII=. These 
CsHg units then combine to longer chains, as in the carotenoids, 
=CHCMe=CHCH=(CHCMe=CHCH)n=CHC^Ie=CHCH=, n iso- 
prene units giving 2n + 1 conjugated double bonds, and it is significant 
that the number of such bonds in most of the commoner carotenoids is 
uneven (7, 9, 11, or 13). 

Th(‘ well-known Diels-Alder diene synthesis (p. 593) has furnished 
additional support to these th('ories, by showing under what relatively 
mild conditions such reactions can be accomplished. 

In so far as the carotenoids are concerned, it was early recognized by 
Karrer and his associates that the direct head-to-tail union of isoprene 
molecules proceeds only to a very limited extent and that two of the 
relatively short chains so formed then unite to a longer one, in such 
fashion that one half mirrors the other and a symmetrical molecule 
results; or, it has been likened to the construction of a bridge, where the 
building goes on from both ends at the same time and finally meets in 
the middle. Where the two come together, the carbons carrying the 
methyl groups will then bear a 1,6, instead of, as elsewhere, a 1,5 relation 
to one another; 

2 [=CHCMe=CHCH=(CHCMe=CHCH),=CHCMe=CHCH=] 

1 2 3 4 5 1 2 3 

=CHCMe=CHCH=(CHCMe=CHCH)n=CHCMe=CHCH 

II 

=CHCMe=CHCH==(CHCMe=CHCH)„=CHCMe=CHCH 

6 5 4 
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Further, the ends of the chain, whether cyclic as in 6 c<a-carotene, 
or acyclic as in lycopene, are usually less dehydrogenated. In such a 
process, it is unknown whether the dehydrogenation occurs prior to, 
during, or after the dimerization; but that it actually takes place is 
indicated by the oxygen demand of ripening fruits. Very likely it is 
enzymatic in character. 

Another hypothesis, advanced by Karrer® and others, to explain 
the formation of carotenoids from simpler molecules, assumes heta- 
methylcrotonaldehyde as the building unit. 


CHa 

CHa- 

CHa- 

CHa^ 


CHa 

1 

>C=CHCHO + CHaC=CHCHO 
OH CHa 

I I 

C=CHCHCH 2 C=CHCH 0 

CHa 


CHa 

CHa 


> 


C=CKCH=CHO=CHCHO, etc. 


This has suggested possible methods of synthesizing carotenoids, 
which have been tried out by several investigators (p. 1207 ), but without 
much success as yet. 

A problem of obvious interest is the determination of the antecedent 
C20 compounds, from which the C40 carotenoids are formed by this 
dimerization, and Willstatter and Mieg have suggested that phytol, 
C20H40O, might play such a role. Nature^s greatest supply of carote- 
noids is found in the green parts of plants, where they are always asso- 
ciated with chlorophyll. The latter is a phytol ester, about one-third 
of whose molecule is phytol, and F. G. Fischer’s synthesis (p. 1213 ) of 
this alcohol has shown it to be composed of four isoprene units in linear 
head-to-tail union. Further, Karrer and his co-workers (p. 1189 ) 
have reduced phytol to dihydrophytol, converted this into the bromide 
and, by the action of potassium upon the latter, combined two of its 
dihydroph5d:yl residues (C20H41) to a perhydrolycopene, C40H82, 
identical with that obtained by the catalytic reduction of the tomato 
carotenoid, lycopene, C40H56. Since the carbon skeleton of the two 
important carotenoid associates of chlorophyll, namely carotene and 
xanthophyll, C40H56 and C40H56O2, differs from lycopene only in hav- 


Karrer, Helfenstein, and Widmer, Hdv. Chim. Acta, 11, 1201 (1928). 
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ing one or both ends of the chain cyclized, the assumption that phytol is 
a progenitor of the C40 carotenoids seems not unreasonable. 

As an additional argument in support of this hypothesis, it might 
be urged that it has been observed in many cases that the biosynthesis 
of the carotenoid appears to parallel the gradual disappearance of the 
chlorophyll; but Kuhn and Brockmann investigated this and found 
that the quantity of phytol liberated by the chlorophyll decomposed 
was insufficient to account for all the carotenoid formed. Karrer has 
suggested that the immediate ancestor may be phytol aldehyde, which 
is changed into the C40 carotenoid by benzoin condensation, or pinacol 
reduction, with subsequent dehydrogenation. 

And yet, even granting that ph3rtol is the immediate progenitor of 
the C40 carotenoids, there is good evidence that this phytol does not 
always come from a breakdown of chlorophyll, for the natural carotenoid 
synthesis can proceed also in the dark, as illustrated by the formation 
of carotene in the carrot root, whereas the production of chlorophyll 
from its colorless antecedents usually requires the action of light. 
Further, Smith^^ reports that lycopene was found in mature tomatoes 
which had been grown in complete darkness and never contained any 
chlorophyll. Zechmeister, Beres, and Ujhelyi^®^ gathered flowers from 
ripening pumpkin plants, while the upper two-thirds of the flowers was 
yellow and the lower one-third still green. These flowers were cut on 
the color line and analyzed. In the yellow portion, the carotene was 
four times and the carotenols three times as abundant as in the green 
part. The carotenols were zeaxanthin, crypt oxanthin, and xanthophyll. 
Some colorless substances must be the precursors of at least part of the 
polyene pigments in the yellow portion of the flowers. A number of the 
colorless concomitants of phjrtocarotenoids have been identified by 
Zechmeister and Tuzson,^®^ including various sterols and glycosides. 

The carotenoid acids are probably formed by oxidation of the C40 
carotenoids, for they contain the same central carbon chain. Lycopene, 
C40H66, for example, can be broken down by oxidation with chromic 
acid, first to lycopenal, C32H42O, and then to bixin dialdehyde, 
C24H28O2, in each case with elimination of a molecule of methylhepte- 
none. This dialdehyde can be converted into the carotenoid acid, 
bixin, C26H30O4, by the simple reactions shown on p. 1164. 

The saffron contains the carotenoid acid, crocetin aZpAa-crocetin^^), 
C20H24O4, its glycoside crocin, and a bitter substance, piciocrocin, which 
is likewise a glycoside; but not the monomethyl (“ beta-crocetin or 
dimethyl (“ gamma-crocetin esters of crocetin, which are formed only 

Zechmeister, Beres, and Ujhelyi, Ber., 68, 1.321 (1935). 

Zechmeister and Tuzson, Z. physiol, Chem., 838 , 204 (1936). 
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CH2CMe=CHCH=fK]=CHCH=CMeCH2 + CrOa 


CH2CH=CMe2 


Me2C=CHCH2 (Lycopene) 


CH 2 CMe=CHCH=[K]=CHCHO 


OCMeCH2 


CH2CH=CMe2 

(Lycopenal) 

+ CrOa 

CH2CMeO 


+ Me2C=CHCH2 

( M e t hy Ihep tenone) 


+ OCHCH=[K]=CHCHO (Bixin dialdehyde) 
CH2CH=CMe2 + NH2OH 

(Methylheptenone) 

H 0 N=CHCH=[K]=CIICH=N 0 H 
+ AC 20 

NCCH=[K]=CHCN 
+ saponification 

HOOCCH=[K]=CHCOOH (nor-Bixin) 


when crocin is hydrolyzed in the presence of methyl alcohol. 
Kuhn^^^'^^^ has suggested that the €40 carotenoid formed in the plant 
couples first with the sugar, and that this glycoside then oxidizes to one 
molecule of crocin and two of picrocrocin. The aglucon of the latter, 
by loss of one molecule of water, passes into the perfume safranal, 
C 10 H 14 O. 


CH 2 CMe=CCH=CCMc==CHCH=CHCMe=:CHCH==Toxidatic 


C6Hu 06— O— CHCH,CMe 2 OCuHaiOu. 

(Hypothetical protocrocin) 


j: 


rOCCMp=CHCH=CHCMe=CHCH= 

I 

_ OC 12 H 21 O 10 


CH2CMe=CCnO 

I / 4“ 

2 CelluOfi— O— CHCH2CMC2 

(Picrocrocin) 

+ hydrolysis 

CH2CMe==CCHO _h 20 CHCMe=CCHO 
HoiHCHjCMez 


(Crocin) 


1 


-> Jl / 
CHCHjCMej 


(Safranal) 


Of the 40 carbons in the original carotenoid molecule, 20 would thus be 
accounted for by one molecule of crocetin and the other 20 by two of 

* For the meaning of =:[K]= in these formulas, see p. 1153. 

Kuhn, Chemistry <fc Industry, 52 , 981 (1933) (48 refs.). 

Kuhn and Winterstein, Ber., 67 , 344 (1934). 
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safranal. Experimental tests have shown the presence in the plant 
tissues of about 1.4 moles of picrocrocin per mole of crocin. The chem- 
ical and genetic connection between pigment, bitter substance, and 
perfume is noteworthy. 

Kulin and Deutsch^®^ have suggested that azafrin, a C27 carotenoid 
acid, may owe its origin to an oxidative cleavage of a C 4(3 carotenoid 
into the C 27 azafrin and ionone (C13H20O). 

THE FUNCTION OF CAROTENOIDS IN THE LIVING ORGANISM 

Carotenoids in the Plant Kingdom. In the green parts of plants, 
chlorophyll a ” and “ b” carotene, and carotenols, are found in a 
ratio which remains approximately constant for a given species, but 
just what is the function of the carotenoid in the metabolism of the 
plant is still doubtful. Nor can it be confidently asserted that the role 
of the chlorophyll is yet fully understood. 

It has been suggested that the carotenoids are concerned in some 
way with the breathing or assimilation processes. Since the discovery 
of the provitamin A effect of carotene in mammals, Virtanen and his 
collaborators,^^’ ^ as well as others, have found that, in plants, the 
carotene rapidly increases in quantity and concentration up to the 
beginning of flowering and early fruit setting, and then sinks steadily 
up to the final ripening of the fruit. In other words, vigor of growth 
appears to parallel carotene content. There seems to be some evi- 
dence also that carotenoids exert an influence upon reproduction in 
plants. Apparently it may function also as an antioxidant, for the 
oxidation of a carotene-free sunflower oil, exposed to the air in thin 
films, is retarded or prevented by the addition of crude carotene. 

Carotenoids in the Animal Kingdom. Within the spectral range 
of 280-435 niju, both carotene and lycopene are said to exert a photody- 
namic effect upon red blood cells. 

The fate in the animal organism of ingested phytocarotenoids 
varies with the particular organism concerned, both as to which pig- 
ment is stored and which excreted, and also as to where this storage 
takes place and what changes the pigment then undergoes. 

Mammals, including man, tend to store the carotenes and excrete 
most of the carotenols. 

In horses and cows, the carotene accumulates in the fats and lipids 

^06 Kuhn and Deutsch, Ber., 66 , 883 (1933). 

See, Murneek, Sciefwe, 83 , 327 (1936). 

Lasar, Compt, rend. soc. bioL^ 121 , 886 (1936). 

»o«Retov8ky, Bull. aoc. chim. bid., 17 , 1614 (1935). 

Kuen and Pliringer, Biochem. Z., 286 , 196 (1936). 
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and gradually imparts its color to them. It is for this reason that such 
names as lipochromes and “ chromolipoids ” have been used for 
these pigments. The yellow color of butter is due almost wholly to 
carotene. It is true that, on the same feed, one breed of cattle may give 
a yellower butter than another, and the carotene-vitamin A total be 
the same in both, but since the difference in butter color produced by 
different feeds is generally much greater than that due to breed alone, 
the natural yellow color of milk and butter still remains a fairly good 
index of its vitamin A activity. 1 1 m 

In the human body, the carotenes are found chiefly in the liver and 
fatty tissues, and to a less extent in the kidneys, blood, ^ ^ ^ and exudates. 

Chromatographic analysis of six human livers by Zechmeister and 
Tuzson^^^ showed, in milligrams per kilo: carotene, 0.20-2.06; lyco- 
pene, 0.24-0.54; and xanthophyll, 0.14-0.47. 

In human fat, carotenes, lycopene, xanthophyll, and capsanthin 
have been identified. Human colostrum contains very much more 
carotene and vitamin A than the milk excreted later. ^ i 1 

In contradistinction to mammals, birds appear to utilize the carote- 
nols and not the carotenes. The feeding of a carotenoid-free ration to 
white Leghorn hens results in eggs with nearly colorless yolks. The 
addition then of xanthophyll or zeaxanthin to the food rapidly restores 
the yellow color to the yolks. Neither carotene nor lycojxme has any 
such effect. The poultryman thus has it within his power to produce 
eggs whose yolks will vary in color from a pale yellow to a deep orange, 
depending upon the demands of his market. 

If, after molting, canaries are kept on a carotenoid-free diet, the new 
feathers will be white. The normal yellow color of the feathers can then 
be restored gradually, by the addition of xanthophyll or zeaxanthin to 
the ration, but not by carotene or lycopene. 

Sumner and Fox^ have cited evidence which indicates that certain 
fish change carotene into xanthophyll. 

Since the pigment of silkworm cocoons is believed to be carotenoid 
in character, ^ ^ ® it has been suggested that it may be possible to produce 

Meigs, MUk Plant Monthly, 24 , No. 8, 38 (1935). 

Treichler, Grimes, and Fraps, Tex. Agr. Expt. Sta., Bull. 513 , 3 (1935). 

Clausen, Seidman, and McCord, Am. Chem. Soc., Kansas City Meeting (Apr. 
13-17, 1936). 

Zechmeister and Tuzson, Z. phyeiol. Chem., 234 , 241 (1935). 

Zechmeister and Tuzson, Bull. soc. chim. bioL, 17 , 1110 (1935). 

van Eekelen and de Haas, Geneeskund. Tijdschr. Nederland.-lndi^, 74 , 1201 (1934). 

“•Neuweiler. Z. Vitaminf orach., 4 , 259 (1936). 

“^Sumner and Fox, Proc. Nail. Acad. Sci. U. 8., 21, 330 (1935). 

Manunta. Atti soc. not. mat. Modena, 66. 104 (1936); Boll. soc. iUd. hiol. sper. 12 
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natural silk of various colors by suitable carotenoid addenda to the 
usual mulberry-leaf diet of these caterpillars. 

Per contra, there are enzymes which possess the power of destroying 
carotenoid pigments. Thus, an aqueous extract of soybeans is claimed 
to contain such an enzyme, ^ ^ ® and U. S. patents ^ have been granted 
for the bleaching of bread dough by the incorporation therein of a small 
quantity of such an extract. 

Vitamin A. The investigations of recent years have made it clear 
that carotene is a provitamin A, and that the vitamin A effect of foods 
runs essentially parallel with their carotene content. Carotene is 
transformed in the animal body into vitamin A, ^ ^ ^ which, like caro- 
tene itself, tends to accumulate chiefly in the liver. Olcott and McCann 
have reported that, by the use of liver extracts, they succeeded in con- 
verting carotene into vitamin A in vitro^ and ascribe this to the action 
of an enzyme which they term ** carotenase,'’ but this work still lacks 
both chemical and biological confirmation. In diabetes, the liver seems 
to lose some of its power to convert carotene into vitamin A. The 
absorption of carotene from the blood is thus decreased, with the result 
that the carotene content of both liver and blood is increased. 

The most obvious explanation of this formation of vitamin A from 
carotene Is that it consists in a simple hydrolysis, which cuts the 
carotene molecule in two exactly in the middle. 

CH2CH2CMe2 

! \ 

CH2CMe=CCH=CHCMe=€HCH=CE 

6e<a-Carotene 

CHaCHaCMea 

2 | \ 

CHaCMe=CCH=CHCMe=CHCH=CHCMe=CHCH20H 

Vitamin A 

This constitution for vitamin A was proposed and established by 
Karrer and his co-workers. 1 25. 1 26 ^ convincing proof of the structure 
of the carbon skeleton was provided by the synthesis of perhydro\'ita- 

"• U. 8. pat. 2.051.257, Holmes (to Parke, Davis & Co.) (Aug. 18, 1936); [C. A., 80 , 
6897 (1936)]. 

‘•® U. S. pate. 1,957,333 to 1,957,337 inclusive, L. W. Haas and R. M. Bohn (to J. R. 
Short Milling Co.) (May 1. 1934); [C. A. * 8 , 4137 (1934)]. 

von Euler tl al., Biochem. Z., 803 , 370; etc. (1928). 

Ahmad and Drummond, J. Soc. Chem. Ind.r 185T (1931). 

***Ralli. Brandaleone, and Mandelliaum, J. Lab. Clin. Med., 80 , 1266 (1935). 
Schmidt, Ber., 68 , 1658 (1935). 

'“Karrer «t al.. Hdv. Chim. Acta, 14 , 1036 (1931). 

Karrer, Morf, and Sohdpp, ibid., 18 , 557 (1933). 
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min A from 66<o-ionone (p. 1198) and the identity of this synthetic 
product with a i)erhydrovitaniin A obtained by the catalytic reduction 
of a carefully purified vitamin A from liver oils. 

According to the present state of our knowledge of the connection 
between structure and vitamin A activity, only those carotenoids which 
contain the following complex exhibit provitamin A activity, this com- 
plex apparently being easily transformed to vitamin A in the living 
organism. 

CH2CH2CMe2 

CH2CMe=icH==CHCMe=CHCH=CHCMe=CHCH< 

A change in the location of the double bond in the ionone cycle, 
or the insertion of an OH therein, d(‘stroys the vitamin A effect. Thus 
alpha- j beta-j and gamnia-cavotmcs are all active, but the beta-iBomcr, 
with two such complexes, is approximat(‘ly twice as potent as the other 
two. Similarly, the carotenol crypt oxanthin (3-hydroxy-f)da-carotene) 
functions as a provitamin A, but rubixanthin {S-hydroxy-gamma-caro- 
tene) and zeaxanthin (3,3'-dihydroxy-f>da-carotene), neither of which 
contains an unhydroxy lated 6e/a-ionone, are devoid of any such property. 

In addition to the three carot<‘n(‘s and cryptoxanthin, the only other 
naturally occurring carotenoid, and the sole zoocarotenoid, reported to 
show vitamin A activity, is the echinenone of the sea urchin. ^ Although 
its constitution is still unknown, it would follow from this property that 
echinenone contains the vitamin A complex. 

The following synthetic products, however, also show the provitamin 
A properties:^ 

beta-OdTotene diiodide, C.ioHr,,J2 
alpha-CdToime diiodide, C4()H5(il2 
Dihydro-&cto-carotene, C40H58 
Dihydro-«?p/ia-carotene, C40H58 
beta-CdTotene oxide, C4()Hr,r,0 
Oxy-6e^(7,-carotene, C4(jH5(;02 (?) 

Semi-?)cto-carotenone, C40H56O2 

Nor do di-, tetra-, or perhydrovitamin A retain the properties of 
vitamin A, for they have all been synthesized (a(» p. 1199) and found to 
be inactive. The following synthetic products are likewise inactive:^ 

Kfirror, v. Eulor, and Solmssen, ilnd,, 17 , 1169 ( 1934 ). 

^28 Karrcr, Monatsh., 66, 367-392 (1935). 
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CHaCHsCMea 

I \ 

CH2CMe=CCH=CHCMe=CHCH20H 

CH2CH2CMe2 

I \ 

CH 2 CMe=CCH=CHCMe=CHCMe=CHAc (Euionone, p. 1201). 

It is certainly surprising that betaAononc, which is itself devoid of 
any provitamin A action, should appear to be so essential a part of those 
polyenes possessing this property; and that a product heretofore of 
interest chiefly because of its violet perfume should suddenly be dis- 
covered to be playing a leading role in the field of carotenoids and vita- 
mins. It is also worth noting how living organisms adapt themselves 
to their environment and plant and animal cooperate to mutual advan- 
tage and for mutual protection. The higher animal organisms, as 
already mentioned, appc^ar iinabk' to manufacture carotenoids directly, 
but acquire them from plants and use certain of th(an for the production 
of the indis^KULsable vitiunin A. 

For the use and effects of carotene in cosmetics, see Gattejrosse. ^ 

Retinene. Human vision seems to d(*pend upon the bleaching of 
the eye’s sensitive ‘‘visual purple’* by the light, ^ ^ • with 
formation of an orange “ visual yellow,” whose color is stated to be 
due to a yellow pigment , r(*lated to the carotcaioids, termed “ retinene ” 
bv Wald. -• 1 1 J ^ 

Idas retinene is liberated from vi.sual purple not only by light, but 
also by the action of chloroform. It disap[K‘ars from the retina either 
by reversion to visual purple or by transformation into vitamin A and 
other colorlt'ss products. Tlu* orangt* color of the visual yellow slowly 
fades as tliis change takes phice, and the \'isual pur{)le is regenerated. 
In the dark, this restoration of visual purple occurs more rapidly and in 
larger (piantity than in the light, thus greatly incrcaising the sensitivity 
of the eye, as is evident when one suddenly emerges from a dark room 
into a bright light. 

In this degradation of visual purpie to ndinene and vitamin A, and 
its r(d)uilding from them again, it is not yet clear just how much is due 

Giittefosjic, Parfumerie moderne, 30 , 473 (1936). 

Ht'rht, Scitmce, 83 . No. 2156, p. 9, Suppl. (1936). 

Hecht, Chat«% Shlaer, and Haig, ibid., 84 . 331 (1930). 

> Wald. Nature, 136 , 832 (1935). 

Wald, ibid., 136 , 913 (1935). 

1.14 v^,rricr and Pannior, Ctmpt. rend. eoc. biol., ItS, 600 (1936). 

Wahl. J. Om. Phymol., 30 . 45 (1936). 

Wald. Seimee, 83 , No. 2136, p. 11. Suppl. (1936); Nature, 139 , 587 (1937); Jancso 
and Jnncao, Bioehem. Z,, 387 , 289 (1936). 
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to the retinene and how much to the vitamin A. Some of the latter is 
lost in the process, so that the organism requires a constant outside source 
of supply, for this automatic regulation of the eye^s sensitivity does not 
function properly without it. Miss Tansley^^^ found that, in the dog 
and rat, vitamin A deficiency caused chemical changes in the eyes which 
stopped the production of visual purple. One of the first clinical 
symptoms of vitamin A deficiency in cattle is night blindness 
(nyctalopia),'^^* and it is noteworthy that of eighty-five different 
animal and vegetable Chinese remedies for night-blindness examined by 
Mar and Read^^^ all were found to be exceptionally rich in vitamin A 
or provitamin A. 

Brunner, Baroni, and Kleinau^^^ have isolated 6da-carotene from 
the retinas of steers’ and pigs’ eyes, and they point out that certain 
similarities in its optical properties to those of visual purple suggest a 
possible connection between the two. They also found flavin and its 
photodecornposition products, lumiflavin and lumichrome, to be 
present. ^ ^ ^ A number of cases have been recorded ^ ^ ^ where the oral 
administration of carotene resulted in improved vision for sufferers from 
nuclear cataract. 

That retinene is the sole, or even the main, source of vitamin A in 
light-adapted retinas is therefore open to doubt. Until more is known 
concerning its chemistry, convincing evidence of its distinction from 
6eto-carotene, or even that it is a carotenoid at all is lacking. 

DETECTION, ISOLATION, PURIFICATION, AND DETERMINATION 

Microscopic Examination. The identification of carotenoids by the 
use of the microscope is rendered difficult by the fact that the crystalline 
form of these pigments varies greatly depending upon their purity, the 
nature of the contaminants, the solvents used, and the rapidity of the 
crystallization. When contaminants have been removed, however, and 
the pure carotenoids obtained in crystalline form, the microscope is help- 
ful in identifying them and in discovering whether the crystals are all 
of the same kind or are a mixture of several carotenoids. 

Color Reactions. Much of the older literature on the occurrence 
of carotenes in nature is unreliable, because to the earlier investigators 

137 Tansley, Biochem. J., 30 , 839 (1936). 

13* Guilbert and Hart, J. Nutrition, 10, 409 (1935); Jeghers, Am. Internal. Med., 10, 
1304 (1937). 

13* Mar and Read, Chinese J. Physiol., 10, 273 (1936). 

13® Brunner, Baroni, and Kelinau, Z. physiol. Chem., 236, 257 (1936). 

1*1 Brunner, Baroni, and Kleinau, Jnd. Eng. Chem., News Ed., 14, 327 (1936). 

1** SliMtid, Clin. Med. Surg., 41. 492 (1934). 
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any natural yellow to red pigment which gave a blue color with sulfuric 
acid was a “garotene/^ As Molisch has pointed out, this designation 
should generally be read carotenoid. 

The presence of carotenoids can be detected by suitable color reac- 
tions, applied either directly to the natural source material or, better, 
after the carotenoid has been separated and obtained in pure crystalline 
form. A direct test may sometimes be useful in determining the loca- 
tion of the carotenoid in the tissues. 

Reaction with Sulfuric acid. Just a century ago (1835) Marquart 
observed that when certain yellow flowers were treated with concen- 
trated sulfuric acid, they gave dark blue, bluish violet, or greenish blue 
colors, and this reaction has been used widely since, as characteristic of 
carotenoids and as a means of differentiating them from other natural 
pigments, like the anthocyanins (p. 1114), for example. 

Solid substances are generally dissolved in ether or chloroform. The 
solution is then carefully stratified with concentrated sulfuric acid and 
the color changes observed in the two layers. Chlorophyll-free plant 
parts can be tested very simply by rubbing them up in a mortar with 
fine quartz sand and 5~10 cc. of ether or chloroform, decanting a few 
cubic centimeters of the solution into a test tube, and stratifying it 
carefully with 0.5 to 1 cc. of concentrated sulfuric acid. In most cases 
an 85 pc^r cent acid is sufficiently strong, but in the presence of too much 
water, the blue color is likely to be immediately replaced by an opaque 
dirty green. 

The chemical significance of this test has found an interesting 
(explanation in the behavior of the synthetic alpha, o/m?^a-diphenylpoly- 
enes with the same reagent, where Kuhn and Winterstein have shown 
that the color produced depends upon the number of conjugated double 
bonds in sequence. Thus, in the fonnula Ph — (CH=CH),. — Ph, when 
n = 1 or 2, no color is produced by sulfuric acid. Above this, the colors 
were the following: n = 3, yellow-orange; n == 4, red; n = 5, violet- 
red; n = 6, blue; n = 7, blue-green; n == 8, blue-green. (See also 
p. 1178.) 

Thus, the presence of at least six conjugated double bonds in direct 
sequence in the carotenoids is indicated by these results. 

In chlorofonn solution, carotene reacts with foniialdehyde in sulfuric 
acid to form a deep violet zone between the chloroform and acid layers. 
When the solution is shaken, the color passes into the acid layer, lea\dng 
the chloroform colorless. 

The Carr-Price Color Reaction (SbCla). The deep blue color 
formed when vitamin A is brought into contact with an anhydrous 
chloroform solution of antimony trichloride hns been recommended by 
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Carr and Price for the qualitative and quantitative determination of 
this vitamin. The reaction, however, is not peculiar to vitamin A, but 
is given likewise by all carotenoids (although in very different degrees). 
Its chemistry is still obscure. Its velocity varies, but usually the max- 
imum color intensity is reached in 10 to 120 seconds, after which it 
fades rapidly. The Lovibond tintometer has proved very convenient 
for making the necessary measurements. The results can be expressed 
directly in Lovibond '' blue valuers,’' or calculated to cod-liver oil units 
(CLO). A compound possesses 1 CLO unit when 20 mg. of it with 
1 cc. of Carr-Price antimony trichloride solution gives the same color 
as 10 Lovibond “ blue values.” 

For certain familiar carotenoids, von Euler and Karrer give the follow- 
ing CLO (db 10 per cent): lycopene, 284; capsanthin, 342; xanthophyll, 
432; zeaxanthin, 500; carotene, 508; bixin, 1500. 

RosenthaL^^'^'^^ has found that an addition of guaiacol in this 
Carr-Price reaction gradually changes the initial blue color to a rela- 
tively permanent reddish purple, which is spi^cific for vitamin A. 

Colorimetry. In addition to the detection and determination of 
carotenoids by the Carr-Price color reaction with antimony trichloride, 
these pigments may also be estimated quantitatively by the color of 
their solutions in appropriate solv(uits. Such methods are simple and 
rapid. They involve merely the comparison of the color of the carote- 
noid solution with that of the standard solution, in a suitable colorimeter, 
and are useful also in following the separation and purification of these 
pigments. ^ ^ 

The selection of a proper standard solution is of primary importance. 
Holmes and Bromund ^ have recommended a benzene solution of 
bixin for the determination of carotene. Instead of pure carotenoids, 
which are not always available or may not be stable, solutions of inor- 
ganic or organic compounds may be employed. Carefully standardized 
solutions of potassium dichromate, or of organic dyes, have served this 
purpose. 

The British Medical Research CounciP'*^ has recommended as an 
international unit, for the standardization and determination of vitamin 
A, 0.0000 mg. of pure 6e^a-carotene dissolved in coconut oil, with the 
addition of hydroquinone as stabilizer. 


Rosenthal, Klin. Wochschr., 14 , 307 (1935). 

Rosenthal and Erdelyi, Biochem. J., 29 , 2112 (1935). 

145 Ferguson and Bisliop, Analyst, 61 , 615 (1935). 

Holmes and Bromund, J. Biol. Chem., 112 , 437 (1030). 

Hume and Chick, Med. Research Council {Brit.), Special Rept., Ser. No. 202 , 61 pp. 
( 1935 ). 
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Kuhn and Brockmann have introduced a microcolorimetric method, 
using a Hellige nucrocolorinieter of 1-cc. capacity, by wliich 0.001 to 
0.01 mg. of pigment can be determined. As standard, they use a solu- 
tion of 14.5 mg. of azobenzene in 100 cc. of 96 per cent ethanol, and 
compare it with a benzine (b.p. 70-80°) solution of the carotenoid. 

In butter fat, the carotene may be determined by means of the 
photoelectric scopometer. ^ 

Other Carotenoid Color Reactions. Concentrated hydrochloric acid, 
with some phenol or thymol, giv^cs a dark blue. The acid alone gives 
this reaction only with some oxygen-rich carotenoids; with 25 per cent 
or stronger acid, capsanthin, capsorubin, fucoxanthin, and violaxanthin 
give positive results. 

Fuming nitric acid gives a transient blue color; bromine vapor, a 
transient dark blue to green. 

For color reactions differentiating betw^een carotene, \dtamin A, and 
sterols, see Levine and Bicn. ^ 

Spectroscopic Methods (p. 1180). Spectroscopic observations have 
been of considerable service in the study of plant pigments, but the value 
of the older data is often materially reduced through failure to record such 
important factors as solvent, concentration, thickness of the layer, etc., 
w^hich influence the position or breadth of the bands. Even to the 
naked eye, the color of the solution often varies considerably with the 
solvent. For example, capsanthin gives a brownish yellow solution in 
ether, but a bluish rose one in carbon disulfide. 

The absorption spectra (p. 1142) of the carotenoids are character- 
istic and easily distinguished from those of most other cL'isses of plant 
pigments. Thus alcoholic solutioas of carotene and xanthophyll, of 
proper concentration, show two bands in the blue and indigo blue, 
whose interval is comparable with the breadth of the second band. 

It used to be customary to record the boundaries of these bands, 
but the simpler practice has bc^en adopted recently of giving, in addition 
to the solvent, only the extinction maxima which, within fairly wide 
limits, are independent of concentration or thickness of layer. Further, 
a photometer is not required for these observations since, with sufficiently 
low concentrations, the bands are symmetrical enough to determine tlie 
mean value of their boundaries. If carried out for two different dilu- 
tions, placing the crossed hairs in the darkest position, th(' mean absorp- 
tion maxima can be obtained (ifc not over 0.5 m^) with a good grating 
spectroscope. 


Murer, Proc. flit Ann, Meeting Weetem Div. Am, Dairy Sd, Aaaoc,, 82-85 (1935). 
Lovino and Bicn, Proc, Soc. ExiUl. Biol, Med,, 33 , 873 (1035). 
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The absorption curves for carotene, lycopene, and xanthophyll, 
obtained by Pummerer, Rebmann, and Reindel, possess the same gen- 
eral shape, thus indicating a close similarity in molecular constitution. 
For the visible and ultra-violet absorption spectrum of lycopene, see 
Matlack and Sando. For the absorption spectra of various carote- 
noids, see Smith and Milner;^ Miller, Mackinney, and Zscheile;^^^ 
Gillam;^^^ and others. As Strain has remarked, with the excep- 
tion of adsorption, no properties of carotenoids are more readily deter- 
mined with small amounts of material than absorption spectra, or wave 
lengths at maximum absorption. 

For very small quantities of pigment, a Hiifner spectrophotometer 
and Lovibond color filter have been recommended. In mixtures of 
carotene and vitamin A, the former can be determined conveniently 
colorimetrically, and the latter spectrophotometrically. 

By means of a new photoelectric spectrophotometric apparatus, 
Smith has recently measured the absorption spectra of highly 
purified alpha- and fee^a-carotenes, and of lycopene. The absorption 
coefficients agreed well with the literature for ether-ethanol solutions, 
but not when the solvent was carbon disulfide. 

Chemical Tests. In addition to the color reactions already dis- 
cussed which are extensively employed as microchornical tests, both 
qualitatively and quantitatively, carotenoids may be detected either 
macro- or microchemically by the application of various chemical 
reagents. 

The potash method of Molisch rests upon the fact that the carote- 
noids are resistant to alcoholic alkali, whereas most other natural pig- 
ments are decomposed thereby. When an esterified carotenoid is 
present, as is frequently the case, it too will lx* hydrolyzed and the 
product separated will be the constituent carotenoid alcohol or carote- 
noid acid. 

Separation of Mixtures. One of the best methods for the detection, 
separation, and determination of carotenoids is that depending upon 
the partition of the pigment between two mutually immiscible sol- 
vents. Various methods of recovering carotenes from plant material 

Matlack and Sando, J. Biol. Chem., 104, 413 (1934). 

Smith and Milner, ibul., 104, 437 (19.34). 

Miller, Mackinney, and Zscheile, Plant Physiol., 10, 375 (1935). 

“^Gillarn, Biochem. J., 29, 1831 (19.35). 

Miller, Plant Physiol., 9, 693 (1934). 

Moore, Chemistry <k Industry, 56, 834 (1936). 

^“Fr. pat. 760,676, Aflam Hilger, Ltd. (Feb. 28, 1934); [(?. A., 88 , 4180 (1934)]. 

Smith, J. Am. Chem. Hoc., 58, 247 (19.36). 

Bull Applied Botany, Genetics, Plant Brte<lirig mit III No U 27 

(1935). . . . , 
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by the use of suitable mixtures of immiscible solvents have been 
patented. ^ so, leo.i 6i 

The lower layer (hypophase) is usually an aqueous methanol, 
ethanol, or (less frequently) acetone; the upper one (epiphase) is ben- 
zine, petroleum ether, petroleum ether + ether, or bcmzcne. Shaken 
in a separatory funnel with such a mixture of immiscible solvents, most 
of the carotenoids distribute themselves betwe?en the two solvents in 
definite proportions and, by separation of the layer containing the major 
portion of the carotenoid sought, the latter may be obtained in practi- 
cally quantitative yield, if necessary by one or more repetitions of the 
process. Since the progress of the separation can be followed by the 
eye, and but little apparatus is required, the method is a simple one. 
If greater accuracy is desired, it may be used in conjunction with a 
suitable colorimeter. 

In a mixture of dilute methanol and petroleum ether, for example, 
the C 40 carotenoids are distributed so that the carotenes {alpha-, betcL-, 
and gamma-), lycopene, and the pigment waxes pass into the upper 
layer, whereas those carrying at least two hydroxyl groups (xanthophylls, 
etc.) will be found in the lower one. By selection of suitable solvents, 
a complete analytical scheme may be devist'd for the separation of mix- 
tures of carotenoids. 

Capillary Analytical Method. An analytical method based upon the 
capillarity of carotenoid solutions has often been found useful in deter- 
mining whether only one or several polyene pigments arc present. 

When one end of a strip of filter paper is dipjx^d into such an extract, 
there will appc‘ar on the upper non-immersed portion definite zones of 
characteristic color, breadth, and location, which can Ix' tested sepa- 
rately by chemical reactioas, or extracted and examined spectroscopi- 
cally. Thus, an ordinary leaf extract would show a grt^en chlorophyll 
zone, with a yellow xanthophyll one above and a yellow carotene one 
below. Differences in solubility and in adsorbability are largely respons- 
ible for these results. 

Tswett’s Chromatographic Adsorption Method. This method has 
Ix^en excellently described, with 40 literature citations, by Cook.^^^ 
It differs from the method just described in that the adsorbing agent, 

U. 8. pat. 1,963,607, Holxnee and Leiceater (to S. M. A. Corp.), April 3, 1934; [C. A. 
28. 3842 (1934)]. 

U. S. pat. 1,967,121, Holmes and Leicester (to S. M. A, Corp.) July 17, 1934); 
(C. A.. 28 . 6930 (1934)1. 

U. S. pat. 1,988,031, Barnett (to 8. M. A. Corp.) (Jan. 15. 1935), Off. Gaz., 450 , 644 
(19,35); Claim 1, “A Method of Recovering Carotene fix^m Carrot Oil Which Comprises 
Adding Several Volumes of Normal Propyl Alcohol to tlie Carrot Oil and Letting the 
Mixture Stand to Precipitate Crystalline Carotene;” [C. A. 29 , 1439 (1935)]. 

^"Cook, Chemiitry dt Industry, 724 (1936), 
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instead of being filter paper, is a solid chemical compound (CaCOa, 
Ca(OH) 2 , MgO, AI 2 O 3 , sucrose, inulin, basic lead acetate, etc.). 
It is regarded by Zechmeister as having been the most valuable contri- 
bution, on the physical side, to the chemistry of the carotenoids, since 
the introduction of spectroscopy. 

A vertical glass tube, 10-15 cm. long, 1-2 cm. in diameter, drawn 
down to a smaller bore at the lower end and connected with a suction 
flask, is filled with the adsorbent, and a petroleum ether, benzene, or 
carbon disulfide solution of the material to be tested is introduced at the 
top and allowed to percolate down. The pigments will thus be fixed in 
more or less definite zones, in the relative order of their adsorbability. 
By refilling the tube with pure solvent, a further separation of the 
zones may be effected. The zones arc cut apart mechanically, either by 
severing the tube or by pushing out the column of adsorbent and dividing 
it, and slto then examined individually, by extraction, colorimetrically or 
spectroscopically. 

The study of adsorptive power in the carotenoid group has shown 
that this property is greatly influenced by the structure of the molecule. 
Thus, the adsorption is weak^^st in the case of the hydrocarbons (caro- 
tenes and lycopenc') and increases with the number of hydroxyl groups 
present, rurlhcr, for these hydrocarbons themselves, it falls with 
decrease in the number of double bonds, the carotenes, with 11 or 12 
such bonds, being weaker than lycopene, which has 13. 

The efficiency of the separation rests to a considerable extent upon 
the selection of the proper adsorbent and solvent. For the polyene 
alcohols, calcium carbonate has been found satisfactory; for the hydro- 
carbons and others, alumina or calcium hydroxide. Strain^ has 
recently found that the carotenes can be very satisfactorily separated by 
this method, using petroleum ether as solvent and magnesium oxide as 
adsorbent, the al/j/ia-carotene moving fastest through the column, then 
the beta-, and then the other carotenes and lycopene. 

According to Karrer,^^'® alpha-, beta-, and (/amma-carotenes can be 
separated by fractional crystallization, fractional extraction with 
methanol, fractional precipitation with iodine, fractional adsorption (on 
fuller’s earth, e.g.), or by the Tswett chromatographic process, the last 
being the only really satisfactory method. The results depend upon the 
adsorbent. With calcium hydroxide, the gfamma-carotene collects in 
the uppermost zone, then the beta-isomer, and below this the alpha- 
carotene, 

Rozenberg, Russ. pat. 40,982 (Jan. 31, 1935); [C. A., 30, 7285 (1936)]. 

Strain, Science, 79, 325 (1934). 

10^ Strain, J, Biol. Chem., 106, 523 (1935). 
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Gillam and El Ridi ^ ® ^ claim that chromatographic adsorption may 
cause isomerization of carotenoids, and that by it they have converted 
beta- into aZp/ia-carotene, and vice versa. 

Kuhn and Brockmann’s Micro Method. This process of separating 
and determining carotenoids is a combination of the methods mentioned 
in the foregoing sections of this chapter. It permits the quantitative 
estimation of the components of a mixture of carotenoids in small 
amounts of extract. 

Thus, by the application of the partition principle between the two 
immiscible solvents, benzine and diluted methanol, the hydrocarbons 
and pigment waxes pass into the benzine layer, the carotenols into the 
methanol. Saponification of the mixture of hydrocarbons and pigment 
waxes (carotenol esters) then gives a mixture of the hydrocarbons and 
carotenols which in turn can be separated by a repetition of the partition 
process. In the carotenol fraction will be found also any carotenoid 
acids (bixin, crocetin, azafrin), as well as chlorophyll. The carotenoid 
acids are recovered by virtue of their solubility in dilute caustic alkali. 

From fractions obtained by this partition method, the individual 
carotenoids are isolated by utilization of the Tswett chromatographic 
process, and further identified and estimated by spectroscopic, colori- 
metric, or chemical tests. 

For the determination of carotene in fresh plant material, Wiseman 
and Kane^^’’" immerse the latter in absolute alcohol cooled to —70° by 
the addition of solid carbon dioxide and still containing a large excess of 
this refrigerant. The frozen material is pulverized with a pestle, a large 
additional quantity of solid carbon dioxide is added, and the mixture is 
left overnight in a refrigerator at 0-5°. The alcohol is removed by 
filtration; the solid is suspended in fresh absolute alcohol and ground 
to a fine powder in a ball mill. The alcohol is again separated by filtra- 
tion, and the residue washed, first with absolute alcohol and then with 
ligroin (b.p. 30-60°), after which it is essentially carotene-free. The 
carotene from the combined filtrates and washings is taken up in ligroin 
and determined in the usual way. 

Guilbert^®® has described a method for the determination of caro- 
tene, as a means of estimating the vitamin A value of forage. 
Peterson, Hughes, and Freeman * have modified this method by using 

Gillam and El Ridi, Nature, 136 , 914 (1935); Biochem. J., 30 , 1735 (1936). 

Wiseman and Kane, Soc. Biol, Chem., Sci. Proc. XXX, cviii (1936). 

Guilbert, Ind. Eng. Chem., Anal. Ed., 6 , 452 (1934). 

Guilbert, J. Nutrition, 10 , 45 (1935). 

170 Fraps, Treichler, and Kemmerer, Am. Chem. Soc., Kansas City Meeting (Apr. 
13-17, 1936). 

* Kansas City Meeting of the American Chemical Society (Apr. 13-17, 1936). 
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Skellysolve B (b.p. 60-70°), in place of ether, for the extraction of 
the digested sample, and report consistently higher values. 

Elementary Analysis and Molecular Weight Determinations. 
Elementary analysis is usually carried out by standard micro methods, 
keeping in mind the necessity in most cases of having freshly prepared 
samples, which have not undergone any retrogressive changes due to 
light, air, or other factors. 

Molecular weight is generally determined by the customary cryoscopic 
or ebullioscopic methods. The camphor micro method of Hast, and the 
rontgenometric process, are also used, although it has been claimed^ 
that the Hast procedure gives erroneous results with carotene or 
xanthophyll. 

Specific viscosities of 1.4 per cent solutions of various carotenoids, in 
carbon tetrachloride or benzene, have been recorded by Staudinger and 
Steinhofer. ^ ^ ^ 

GENERAL PROPERTIES AND THEIR UTILIZATION IN THE 
DETERMINATION OF THE CONSTITUTION OF CAROTENOIDS 

Crystalline Form. Many of the carotenoids are beautifully crystal* 
line, the form of the crystals varying with the solvent and the conditions 
of crystallization, as already mentioned (p. 1170). Small quantities of 
impurities may and do seriously interfere with this crystallization. 

X-ray (p. 1758) diffraction powder patterns for a number of carote- 
noids have been recorded by Mackinney. ^ 

Action of Light. In ether solution, at room temperature, carotene is 
very unstable in the light. ^ ^ ® 

Irradiation with ultra-violet light destroys vitamin A within one 
hour, and carotene within three. Upon this difference is based a pro- 
cedure for estimating the relative proportion of the two in vegetable and 
animal foodstuffs. ^ 

Color. The color of the majority of the carotenoids varies from a 
bright yellow to a deep red. Some, like rhodoxanthin, are reddish 
violet to dark blue. It is determined chiefly by the number and dis- 
tribution of the conjugated double bonds (p. 1211), and by the number 
and character of the atomic groupings in immediate union therewith. 

The fundamentally important investigations of Kuhn and Winter- 
stein^^^*®^ on the simple diphenylpolyenes, Ph(CH=CH)nPh, and of 
other investigators on related polyenes, have shown clearly the influence 
of the number of consecutive conjugations upon color. 

Carnegie Inst. Year Book, 26 , 156 (1927). 

Staudinger and Steinhofer, Ber., 68, 471 (1935). 

Mackinney, J. Am. Chem. Soc., 66, 488 (1934). 

De, Indian J. Med. Research^ 23 , 505 (1936). 

Kuhn and Winterstein, Helv. Chim. Acta, 11 , 87, 116, 144 (1928). 
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TABLE IV 

Influence op Consecutive Conjugated Double Bonds upon Visible Color 

Ph(CH==CH)Ph Diphenylethylene (stilbene), colorless. 

Ph( “ ) 2 Ph “ -butadiene, yellowish. 

Ph( “ )8Ph “ -hexatriene, bright greenish yellow. 

Ph( ) 4 Ph -octatetraene, greenish chrome yellow. 

PhCH 2 (CH=CH) 4 CH 2 ph Diphenyldecatetraene, colorless. 

Ph(CH===CH)6Ph Diphenyldecapentaene, orange. 

Ph( ‘‘ )flPh “ -dodecahexaene, brownish orange. 

Ph( “ ) 7 Ph ** -tetradecaheptaene, coppery bronze. 

Ph( “ )&Ph “ -hexadccaoctaene, bluish coppery red. 

Me( “ )gCOOH Octatrienic acid, colorless to pale yellow. 

Me( ** )4C00H Decatetraenic acid, intense yellow. 

Me( “ )2C0C00H oZp/io-Ketoheptadienic acid, bright yellow.^’® 

Me( ** )aCOCOOH cdp/ia- Ketononatrienic acid, Indian yellow. 

Me{ ** )4C0C00H o/p/ia-Ketoundecatetraenic acid, orange red.'^* 

H00C(CH==CH)8C00H Hexatriene- 1,6-dicarboxy lie acid, colorless. 
H00CCH2(CH==CH),CH2C00H Octatriene-1 ,8-dicarboxylic acid, colorless, 
H00C(CH=CH)4C00H Octatetraene-l,8-dicarboxylic acid, chrome yellow. 
HOOC( “ )8C00H Decapentaene-1,10- “ “ , orange “ 

Ph 2 C==CPh 2 Tetraphenylethylene, colorless.*^* 

Ph 2 C(=CHCH=)CPh 2 1,1,4,4-Tetraphenylbutadiene, colorless. 

Ph 2 C( ** ) 2 CPh 2 1,1, 6, 6- “ -hexatriene, light yellow.*^® 

Ph 2 C( )jCPh 2 1,1, 8, 8- “ -octatetraene, yellow. 

Ph 2 C( “ ) 4 CPh 2 1,1,10,10- -deca{:)entaene, orange.^^® 

HOOCCH=[K}==CHCOOMe *Bixin, violet red. 

HOOCCHr-lK']— CHjCOOMe Dihydrobixin, yellow. 

* For the eigtuficance of [K] and [K'], see p. 1153. 

Thus, the depth of color increases with the number of these conjuga- 
tions in immediate and uninterrupted sequence. That the conjugations 
of the benzene nucleus figure in this is witnessed by the fact that 
PhCH 2 (CH=CH) 4 CH 2 Ph is colorless, apparently Ix'cause the CH 2 
groups interrupt this sequence between the octatetraene chain and the 
benzene nuclei. 

The carbonyl group, whether present in ketonic or carboxylic func- 
tion, likewise contributes a double bond which plays a part in detennin- 
ing color. 

The dark reddish violet or deep blue color of rhodoxanthin, a caro- 
tenoid diketone, has been ascribed to the location of the two carbonyl 
groups in the terminal cycles in such a position as to increi.se the num- 
ber of conjugated double bonds from 12 to 14. 

Kuhn and Winterstein have estimated that the effect of a carboxyl 

Fischer and Wiedemann, Ann., 513 , 251 (1934). 

Kuhn and Qrundmann, Bcr., 69, 1757 (1936). 

Kuhn and Grundmann, Ber., 69 , 1979 (1936). 
i^® Wittig and Klein, Ber.. 69 , 2087 (1936). 
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or phenyl group upon the color, when in direct union with the conjugated 
straight chain, is equal to that of ordinary double bonds. Apparently 
an uninterrupted sequence of at least 5 or 6 double bonds is requisite to 
endow such compounds with a decided visible color. That a carboxyl 
is the equivalent of approximately double bonds is supported 
by the observation of Kuhn and Hoffer that octatrienic acid, 
CH3(CH==CH)3C00H, is colorless to pale yellow, but decatetraenic 
acid, CH3(CH=CH)4C00H, is an intense yellow, although the salts 
of both are colorless. So bixin, with a sequence of 9 conjugated double 
bonds in the chain, and in direct conjugation at each end with a carboxyl 
group, has the color equivalent of 12 such bonds. Ihe addition of only 
2 atoms of hydrogen to bixin immediately changes its color from violet 
red to yellow. This hypsochroinic effect seems too great to be explained 
by the simple saturation of a single olefin bond. It has been suggested 
therefore that one hydrogen atom adds at each end of the hydrocarbon 
chain, whereby the two terminal groups become — CH2COOH (or 
— CH2COOMe), the CH2 groups again acting to interrupt, between the 
hydrocarbon chain and the -irboxyl groups, the sequence of conjuga- 
tions. By the action of rnethylmagnesium iodide upon this dihydro- 
bixin methyl ester, Karrer and Riibel prepared a tetramethyldihydro- 
bixinol, C2SH42O2. 

Polarimetric data (p. 200) oft(‘n are valuable in determining centers 
of asymmetry in the molecule, for both inactive and optically active 
carotenoids an* knowm. 

Inasmuch as the D line scarcely penetrates a carotenoid solution, 
Kuhn and his associates have introduced a Siemens-Halske quartz cad- 
mium lamp, with a tube 20 cm. l>y 10 mm. carrying a current of 4 
amperes. Between the lamp and the polarimeter slit are placed a bulb 
full of water and a Schott and Genos.s(‘n red filter transmitting mono- 
chromatic light of 643.85 ni/i. As solvent, ethyl acetate, chloroform, or 
benzene is used, and the measurements are very accurate. 

The hot-cathode helium arc of Alex, llothen has been found espe- 
cially useful in the measurement of optical rotations. ^ ^ 

Spectroscopic (p. 1705) observations have beim of great importance in 
the study of the carotenoids and in the determination of their consti- 
tution. 

Ordinarily, the more conjugated double bonds there are united in 
immediate and uninterrupted sequence, the longer will be the wave 
length of the maximum light extinction, provid(‘d that the molecular 
structure remains of the same general type. \Vh(‘n the absorption bands 
of two carotenoids practically coincide, it follow's that the number and 
location of the chromophoric unions must likewise be essentially iden- 
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tical. So, for example, beta-caxoiene, cryptoxanthin, and zeaxanthin 
are scarcely distinguishable spectroscopically. However, any chemical 
change in the chromophoric portion of the molecule is promptly reflected 
in the absorption spectrum. Thus, in the case of ketonic carotenoids, 
if a decided change in absorption spectra occurs on conversion of the 
ketone into its oxime, the conclusion is justified that the ketonic car- 
bonyl involved formed part of a conjugated system of double bonds. 
Where no such change in spectra results from oxime formation, it fol- 
lows that the carbonyl affected wjis not part of such a conjugated system. 
Application of this reiisoning to specific carotenoids, both natural and 
artificial, shows that the reactive carbonyl groups of lycopenal, and of 
rhodoxanthin, fonn part of a conjugated system; whereas those of 
6efa-carotenone, semi-6da-carotenone, and azafrinone do not. 

BLsanhydro-be^a-carotenone (p. 1196) possesses absorption bands of 
longer wave length than those of rhodoxanthin (p. 1157), although the 
former has only 11 conjugatc^d double bonds to 12 for the latter. This 
apparent exception to the general rule is probably to be ascribed to the 
fact that the one compound contains cyclopKmtene and the other cyclo- 
hexene nuclei. Similar exaltations have been observed in comparing 
the al)sorp)tion bands of semi-6e/a-carotenone, 5e/a-carotenone, and aza- 
frinone methyl ester, with their corresponding anhydro derivatives. 

One pwculiarity of those carotenoids which carr\^ a carbonyl or car- 
boxyl group in direct conjugation with a carbon double bond system is 
the striking distinction Ix'tween the color of tlieir alcoliol and benzine 
solutioas. Usually they give very ill-defined absorption bands in ethyl 
alcohol, which are of greater wave length than those ol>served in benzine 
solution, whereas in all instance's where the conjugation is internipted, 
the bands in alcohol are clear cut and occupy the same px)sition jis in 
Ixmzine. Thus, rhodoxanthin, capsanthin, and capsonibin are red in 
alcoholic solution, but orange-yellow in bemzine. Kuhn and Brockmann 
ascribe this to an interaction between the polar carbonyls and the p)olar 
alcohol molecules. Diliydrorhodoxanthin does not behave in this way, 
presumably Ix'cause, as just explained, its carbonyl groups are separated 
from the conjugated system by methylene groui>s. Its maximum 
ateorption, however, now coincides, as doe.s its chromophore, with that 
of zeaxanthin (see structural formulris, p. 1157), so that its two carbonyl 
groups have but little to do with the color of the compound. 

Fundamentally important contributions on the relation between 
light ateorption and double bonds, as shown by absorption spectra, 
fluorescence emission spectra, and Raman spectra (p. 1765), have tKHm 

Hausjser, Z, tech. Physik, 16 , 10 (1934). 

Bmakulu, Angew. Chem,^ 47 , 657 (1935). 
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made by Hausser^®® and by Smakula. Their results and graphs 
show the dependence of such physical properties upon chemical consti- 
tution, and have been of the greatest service in deducing the probable 
structure of the carotenoids. 

For quantitative spectral analyses by the spectrophotoelectric 
method, see the article by Miller. 

Action of Heat. Many carotenoids (e.g., lycopene, carotene, 
xanthophyll) are relatively sensitive to temperatures above 50®, espe- 
cially when in solution or exposed to the air. Distillations should be 
carried out therefore in a current of carbon dioxide or of nitrogen, and 
under such pressures as will avoid high temperatures. 

It has been observed that when a carotenoid has been somewhat 
injured by too high a temperature (or by the air), this injury is not 
uniformly distributed throughout the mass, but is so localized that the 
rest of the material can be recovered in pure form by appropriate 
treatment. 

Although the action of heat causes deep-seated decomposition, and 
the yield of pure products obtained is very small, such products may 
nevertheless aid in the elucidation of the constitution of the original 
carotenoid. "I'he methyl groups, for example, are comparatively stable 
to heat, and their relative positions in the product isolated give a clue 
to their location in the initial material. 

Among the products so isolated have been toluene, m-xylene, m-toluic 
acid, 2,6-dimethylnaphthalene, a dicarboxylic acid (C14H18O4), and 
tricyclocrocetin (C20H24O4). 

Kuhn and Winterstein have explained the formation of these products 
as follows: 

Toluene arises from cyclization of the =CHCH=CHCMe=CHCH= 
portion of the chain, and m-xylene from a similar cyclization of the 
=CHCMe=CHCH=CHCMe— part. m-Toluic acid, a thermolytic 
product of carotenoid acids (like bixin), is believed to owe its origin to 
the final — CH=CHCH=CMeCH=CHCOOH. 

For the 2,6-dimethylnaphthalene, a double cyclization of the middle 
portion of the carotenoid chain has been held responsible. 


CH 


CH 


CH 
CH 


Me— C CH 

^CH^ CH^ 


C— Me 

1 

CH 



Miller, Plant Physiol,^ 9 , 681 ( 1934 ). 
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Both the tricyclocrocetin and the C 14 H 18 O 4 acid are products of the 
action of heat upon crocetin dimethyl ester. The constitution of 
the former is not known; that of the latter is believed to be 
HOOCCMe=CHCH=CMeCH==CHCH=CMeCOOMe. 

According to Clausen and McCoord, ^ ^ ^ in human hyperthermia, 
there occurs a decrease in plasma carotenoids, but the amount returns 
to normal (or above) in a few days. Similarly, the vitamin A of the 
plasma suffers a much greater proportionate destruction by hyper- 
thermia, with subsequent rapid and spc^ctacular recovery to nearly 
double normal. In both cases, the reserves of the liver, etc., may have 
been drawn upon to make good the deficiency. 

Action of Air. Carotenoids are very susceptible to autoxidation in 
the air, even at room temperature. Usually it begins gradually, after 
a certain latent period, and then continues with increasing velocity. It 
results in loss of color and of crystallizability, gain in weight, and 
greater solubility. In the solid state or in solution, the individual 
carotenoids vary widely in their sensitivity. No definite connection 
has yet been established between constitution and tliis susceptibility. 
Traces of catalysts are of potent influence. The purity of the compound 
has a direct bearing upon its stability. It is possible that the plant 
protects these air-sensitive constituents in its tissues by the oxygen 
acceptors commonly present in its cells. 

The experiments of Baur^®^ indicate that the carotenoids take up 
oxygen in the light, not merely mole per mole, but by the addition of a 
large number of moles of oxygen per mole of pigment, resulting in 
bleaching and complete destruction of the pigment. The reaction takes 
place in steps. Apparently, first a single mole of oxygen is added, with 
formation of a “ photo-oxide ” having a measurable dissociation pressure 
in the light. Since at least two carotenoids always accompany chloro- 
phyll, the inference is that they are probably concerned with the 
physiology of assimilation, perhaps as oxygen buffers. 

Brief operations, like filtering, drying, etc., can be conducted in the 
air with relative safety, but those requiring any considerable length of 
time are better handled in an atmosphere of carbon dioxide or nitrogen. 
The pure products should be preserved in sealed tubes filled with these 
same gases. Drying in vacuum desiccators should be over phosphorus 
pentoxide and not over sulfuric acid. 

Permanganate Oxidation (p. 546). By the action of potassium per- 
mangate, under proper conditions, carotenoids can be broken down to 


Clausen and McCoord, Am. Chem. Soc., Pittsburgh Meeting (Sept. 7-11, 1936). 
AWfiaur, Helv. Chim, Acta, 19 , 1210 (1936); 20 , 402 (1937). 
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various oxidation products which throw light upon the structure of the 
original molecule. 

Thus, beto-carotene yields the same oxidation products as beto- 
ionone, namely geronic (AcCH 2 CH 2 CH 2 CMe 2 COOH), alpha^ alpha’- 
dimethylglutaric, alpha, a/pba-dimethyLsuccinic, and dimethylmalonic 
acids. This, in itself, was presumptive evidence of the probable presence 
of a beto-ionone nucleus in the befa-carotene molecule, and this wtis 
further supported by the strong odor of ionone which filled the whole 
room where the permanganate oxidation products of carotene were being 
concentrated. ^ 

In alkaline solution, p(‘rmanganate attacks a polyene chain in such 
a way that the --CMe= grou{)s are oxidized to acetic acid, and the rest 
to carbon dioxide and water. Determination of the acetic acid then 
gives a clue to the number of such lateral IVIe groups present in the 
original molecule, and each such group may Ix' regarded as representing 
an isoprene unit. 

Chromic Acid Oxidation (p. 546). According to Karrer and his col- 
laborators, chromic acid is mon' dep<‘ndable for this purpxxse than per- 
manganate, which works W(4l only with groups like* — ( 'H(’Me== and is 
not satisfactory with such groups as — ( Thus the p<*rman- 

ganate method applied to crocftin shows only thnn* latenil methyl 
groups, when’as the chromic acid method shows four. 

Kuhn and his associates iuive made a thorough study of the chromic 
acid oxidation of carotenoids, and have develo})ed analytical methods, 
both macro and micro, for the separate det(‘nnination of the carlK>n 
present in lateral nu'thyl groups and in other forms of combination. 

In the oxidation of bda-carot<‘ne by chromic acid, two hydroxyl 
groups are first added to one* of the doubh* lx>nfls in the temnnal ionone 
cycles, with formation of an a/pba-glycol. Further action of the chromic 
acid upon this glycol, liki* that of l(‘ad U‘traac(*taU*, splits the chain 
bc^tween the two /( ’(OH) — groups, with pnxluction of a diketone. In 
comparison with potas.sium fxTnianganate, which likewise adds two 
hydroxyl groups to a double bond, chromic jicid is much more likely to 
carry the oxidation through to the diketoni* stiige. 

The 1,6-diketones which result from this oxidative cleavage of the 
ionone rings readily und(*rgo cyclodohydration, under the influence of 
alkali, to cyclopentenc derivatives, for this is a general property of 
l,6-diketone8. 

The observation that the preliminary addition of the two hydroxyl 
groups takes place on the terminal cycles and not on the iK)lyene chain 

Karrer and Helfenstein, ifnd., It, 1142, footnote 5 (1929); Fincher Z. pkwM. 
Chffin,, 243 , 103 (103(3;. ’ 
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may be explained as due to the fact that such addition to a chain double 
bond would give a probably much more unstable glycol, and no such 
hydroxyl derivatives have yet been encountered in natural carotenoids. 
The hydroxyl groups of the carotenols and related compounds are in 
the cyclocitral or ionone nuclei, and not on Ihe polyene chain. Kuhn 
and Brockmann express the opinion that such hydroxylated carotenoids 
may be intermediate products in the biosynthesis of bixin, crocetin, etc., 
in plants, wherejis, in the animal organism, a phytol type of hydroxyla- 
tion may be responsible for the generation of two molecules of vitamin A 
from one of be^o-carotene. This might occur by the preliminary addi- 
tion of two hydroxyl groups to the double bond in the rniddh^ of the 
caroUme poly(*n(‘ chain, followed by oxidative cleavage of the glycol to 
two moh*cules of aldehyde, and finally reduction of the aldehyde to the 
alcohol (vitamin A) (H<*e, also, p. 1107). 

The use of chromic acid in breaking down lycojione first to lycopenal 
and then to bixin dialdehyde hiis been cited in discussing the possible 
origin of the carotenoid acids (p. 1104). 

Ozonolysis (p. 540). The presi*nce of the large numl)er of ol(‘fin 
l)onds characteristic of the canitenoids rendtTS th(' latt<*r ofx'n to attack 
by ozonc^ at all theH<‘ |X)ints, and d('cornjx)sition of th(' ozonid(»s so fonned 
results in a gn*at variety of products. 

The cliief service of ozonolysis in this field hits lx‘<‘n the deteniiination 
of tenninal groups, 'rhis conceras particularly those comix>iind.s which, 
like lyco[Kme, carry t(*rminal Isopropylidene grou{>s, =( 'Me 2 . These 
gn)U[)s are split off as acetone molecules, which can then Ik» deteniiined 
iiKlometrically. 

Applied to lycopene, ozonoly.sis shows that lioth ends of the molecule 
coasi.st of i.sopropylidime groups, whereas in gamma-curoXviK^ only one 
end of the chain has such a terminal group. Thus, lycojK^ne is entirely 
aliphatic, f/awmu-carotene i.s alijdiatic at only one end, ami alpha- and 
beia-mwivnes arc* cyclic at both ends. 

TTie ozonol>^is of bdu-carotene pelds much the same larger cleav age 
fragments as fec/u-ionone, while a/p/m-carotene gives lx)th geronic and 
isogen>nic ( Ac( '1 1 ' MeiCH^C/HsCXK)!! ) aciiLs. * 

The observation that one molecule of bf/a-carotene yielded two of 
geronic acid, whereiis MaAonom gives only one, showed tiiat hela- 
carotene must contain two such ionone cycles. Similarly, the fir^t 
light on tlie structure of vitamin A was the formation of geronic acid 
from it on ozonolysis,*-® which indicated that it contained an unsub- 
stituted betaAonone cycle. 

Unsatiiration and Determination of Double Bonds (p. 544 ) . For such 
highly unsaturated compounds as the carotenoids, it is of first impor- 
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tance in the study of their constitution to determine the number and 
location of these double bonds. Their number can be ascertained by 
the amount of hydrogen, or other addenda, required to saturate them. 
Their location is shown by the various cleavage products they yield on 
oxidation, ozonolysis, and similar degradations. 

Addition of Hydrogen (p. 545). If carried out under proper condi- 
tions catalytic hydrogemition can be dep^mded upon to give a correct 
measure of the number of ol(*fin bonds present. 

As solvents there are (Miiployed glacial acetic acid, ethyl acetate, 
hexane, cyclohexane, decalin, etc.; catalysts, platinum black, the 
Adams platinum oxide catalyst, palladium black, palladium barium 
sulfate, etc. The solvent should Ix' as pure as possible and free from 
catalyst poisons. Many carot(*noids are so difficultly soluble that only 
very low concentrations can lx* used, ))ut complete solution usually is 
unnecessary, since the reduced products are generally more freely solu- 
ble, although more time is requir(*d for the completion of the saturation 
in such cases. Occasionally a glacial acetic acid solution can Ixj pre- 
pared at 35-40° and if hydrogenated immediately no separation occurs. 
As a rule, the quantity oi catalyst needed for the complete hydrogena- 
tion of a carotenoid is relatively large, e.g., 0.5-2. 5 g. of platinum per 
gram of compound. 

Of course, there is considerable difference in the lx*havior of the 
individual carotenoids on nydrog(*nation, some losing their color early, 
others not until near the end of tin* saturation. (V)lorimetric hydro- 
genation curves serve to identify the variou.s [xilyenes, and thecae show, 
for example, the identity of tlu* chromogeas of carotene and xanthophyll. 

Micro methods, which permit the fjuantitative determination of 
double bonds in a few milligram.s of .‘substance, have lxH*n develo{Ki*d and 
described by Kuhn and Molier,*^'^ Slotta and Blanke,*^^ Jackson and 
Jones, and others. 

Addition of Halogen fp. 547) may lx* accomplished by the use of 
bromine in chloroform solution, but not all tlie olefin bonds are thus 
saturated. 

Iodine chloride, however, is not oftf‘n ofxn to this objection, for it 
usually adds to all the olefin bonds and hence can lx* used to corrolx)rate 
the results of hydrogenation, 

A U. S. patent ^ has Ixen granted to li. M. Barnett for the rt^covery 
of '^carotene pigment material ” from palm oil, etc., by precipitating 

*** Kuhn and Mdllcr, Angnr. ( hem., 47 , 145 0934). 

Slotta and Blanks, ,/. prakt. f’/im., {2| 143 . 3 

Jackson and Jones, J. Cht^n. Site., 895 (193(i). 

U. S, pat. 1.978.981, Barnett (to S.M.A. Con>.) (Oct. 30, 19;i4) (C. A., 19. 296 (103d)]« 
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carotene iodide from the gasoline solution by the addition of iodine, and 
then decomposing this iodide by sodium thiosulfate. ^ 

Addition of Maleic Anhydride. Carotene and maleic anhydride, in 
benzene solution, unite to an anhydride, C 4 oH 5 c(C 4 H 203 j 5 , m.p. 
285-286®, whose absorption spectrum shows no remaining double 
bonds. 

Addition of Oxygen. Pummerer and Rebmann have found that 

/0\ 

benzopc'racid converts a — CH==C!H — group to — CH — CH—, l>ut the 
method labors under the same di.sability Jis that of broinination, viz., 
not all the olefin bonds react. (See also p. 545.) 

Determination of Hydroxyl Groups. For this determination, 
recourse has generally b<^n had to the methcKi of Zerewitinoff (p. 416), 
which ineiisures the amount of methane evolv(‘d wh(*n the fol- 
lowing reaction is carried out under anhydrou.s conditions: 
ROH + CHaMgl — ♦ ROMgl + CH4. Where more than 3 hydroxyls 
are pmsent, the results are likely to lx‘ erratic and unr(‘lial)l(*. Further, 
enolizable keto groups or other grou|>s or elements which react with the 
Grignard it'agent may interfen*. 

Roth has worked out a modified micro methml, wliich is carritd out 
in an atmosphere of nitrog<*n. 

Location and Character of the Hydroxyl Groups. As yvt primary 
alcohols an* unknown among tin* carotenoid pigments. Those hydroxy- 
lated compounds whose stnictun* i.s reasonably well known all carry the 
hydn)xyl groups in the cyclic portion of the molecule, and their location 
thendn has iK'en detennin<*d by a study f»f the cl(\aviige prcxlucts 
obtaincnl by oxidation, ozonol\>ii«, etc. Thus, ozonolysis of he/n-caro- 
tene yields, among other pnalucts, alpha, a//)/ia-<limethylglutarie acid. 
when*as xanthophyll fails to give this acid when similarly tn*:ited. The 
hydn)xyl in xanthophyll, hence, must bt* so situated as to prevent the 
formation of this acid, and a comparison of the graphic fonnuhis of the 
two (p. 1 156) will make this clear. 

For Uie dihydroxy lated carotenoids, the methml of Criegee^^^ 
has proved helpful. This rests upon the ol)servation that 1,2- 
glyeols an? smoothly oxidized by lead tetnuicetate iis follows: 
>C(OH)(IIO)C< + Pb(OAc )4 XX) + XX) + 2AcOH-f Ph(()Ac) 2 , 
the excess of reagc*nt being back-titrated imlometrically. I'he olefin 
bonds of the carotenoid must \yo hydrogenated lM*foit» tins process can 
be? applicHl. In this W'ay, Kuhn and Deutsch * showcxl that |>«*rhydro- 

rmi 567, 7gs. Kuhn (Mar. 24, 1931) \(\ A., 17. 2698 (I93;Ol. 

Nakatniya, Bail. in 0 t, Pkifx, Chem, Rimarch (Tok.vo), 16, 2S6 (1936). 

Crietne, Rtr., M, 260 (1931). 
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azafrin (like azafrin itself) was a 1,2-glycol and that both hydroxyls were 
tertiary, since the oxidation product possessed no aldehydic properties. 

Other methods which have lK‘en found useful depend upon the facts 
that tertiary alcohols are most difficult to esterify and that the oxidation 
of a perhydro compound to a ketone betokens the presence therein of a 
secondary alcohol group. 

Determination of Methoxyl Groups. This is accomplished by the 
customary Zeisel process, in either its macro or micro form. 

Determination of Carotenoid Esters (Pigment Waxes). These esters 
may either be investigated directly, or they may be saponified and the 
resulting alcohol and acid then studied. 

The greater solubility of th(‘ vstvr, as compared with its constituent 
carotenoid, often makes it convenicuit to hydrogenate it directly and 
then saponify tlie jx'rhydro f‘st(T. In this way, the complications caused 
by the unsaturations are avoidtHl, th(‘ jxThydrocarotenoid obtairu*d by 
the hydrolysis is readily idc^ntihtMl, and th(‘ profK>rtion of fatty acid to 
pigment ascertained. When the fatty acid i)r(\s(‘nt is a saturated om*, 
the ester may be used for the determination of its bromine numlxT, its 
methyl and isopropylidene groups, etc,, as well ius for the hydrogenation 
figure. 

On account of the s(‘nsitivity of the polyenes to mineral acids, the 
hydrolysis of these esters is carriial out always in alkaline media. 

Determination of Aldehydic and Ketonic Groups (p. 5,52). Ketonic 
groups in direct union witli the conjugated system of double Ixind.s can 
be det(*rmined only by the ust* of fr(*e hydroxyiamiiK^, at higlier temjXTa- 
tures and in the j)resence of alkali. Aiuiiysi.s of th(‘ product indicates 
the number of ketonic groups pr(‘.scnt. 

But even this proc(‘ss is not always reliable*, for occasionally the keto 
groups fail to form oximtss, 1 Ims, the dikc*t(>n<*s .sc’mi-u/p/ai- or -/x/n- 
carotenone give only nionoxirnes, and the tetraketone 6d«-carolenone a 
dioxirne. 

In the case of capsanthin, (' 4 (»ll.',sO,'{. the* fully reduced comjxmnd 
formed a triacetyl, whererus the original i)igment yi(*Ided only a diacetyl 
derivative. From these observations, it wa.s conclud(‘d that this 
carotenoid was a dihydroxy ketone, although it was not found iK>s8ible 
to prepare an oximet from it. 

Judged by the behavior of lycopcmal, polye^ne aldehydes n*adily fonn 
oximes, but no ald(‘hydic carotenoids have yet discov'eTed in naiun?. 

In the matter of oxime foriiiation, Kuhn ami Brockmann"' have 
arranged carot(‘n()id aldehydes and k(donc*.s, in tlu* order of their reac- 
tivity with hydroxylamine, jis follows: 

1. React readily: Aldehydes of --(C===(.:),---CHO structure; and 
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ketonic groups of true aliphatic type, like the — CMe2(CH2)3COMe, 
resulting from the opening of a cyclohexcne nucleus. 

2. ll(?act with difficulty: I'he conjugated keto groups of rhodoxan- 
thin, anhydro-senii-fec/a-carotenone, bisanliydro-6c/a-carotenone, and 
anhy droazaf rinone . 

3 . Do not react: Conjugated keto groups united with a quat(‘rnary 
carbon, e.g., — CMesCOCH^CH— . 

Determination of carboxyl groups is carried out by the u.sual titration 
methods, or by esterification with diazonudhane. 

Stereochemistry (p. 367). The many double lK)nds of the polyene 
pigments sugg(‘.st the [K).ssil>ility of various cis-trans isomers, although, in 
the light of our modeni valence theory, the tendency to such isomerism 
should decrease with increase in the nuinlKT of conjugations. 

Th(' fact that the synthetic <liphenylfK»lyenes of Kuhn and 
Winterstein an* known in but one form has Ixen explained on the basis 
that their metliod of preparatifin result. s necessarily in the production 
of the stablest (i.e., the (rans-) configuration, and this is su{)ported by 
rtintgenornetric detenninations. Most of the natural carotenoids, with 
the exception of m-crocetin and bixin (cos-), likewise apjX'ar to fx)ssc*ss 
the /mn*s-configuration. 

It has lK*en suggested that, in the early stages of the plant, the cis 
(labile) forms occur, and that, as the buds opcui and the rays of tin* sun 
enter, th(*se cis forms rearrange to tlu* st.alder tnins isomers. 

Of the various carotenols, flavoxanthin, taraxanthin, violaxanthin, 
and xanthophyll an* dextron>tator>'; crx'ptoxanthin, fucoxantliin, rubi- 
xanthin, and zeaxanthin art* optically inactive. 


THE CONTRIBUTIONS OF SYNTHETIC CHEMISTRY 

None of the natural carotenoids has synthesized as yet, and 
this is not surprising in view of the long branched carlx)n chain and the 
extensive system of conjugated unsaturutions. 

The complete C4irlH)n skel(*ion dialuced for certain of the carol (uioitls, 
however, luis lHH*n corrol)orated by the synthf*sis of jyerhyfirolycojyefie, 
identical with the catlytic reduction protluct of the lycofxme separated 
fnmi the tomato; of ^)erkydn>-nor-birin diethyl ester, identical with the 
nnluction j)nHluct of mTr-bixin diethyl ester obtained by esterification of 
natural bixin; and of perhydrocroceiin, identical with the rtnluction 
product of the polytme pigment of the saffron. These* syntheses were 
accomplished as follows. 

Perhydrdywpem, C40H821 was obtained by Karrer, Helfenstein, and 
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Widmer,i°° by the action of metallic potassium (or magnesium) upon 
dihydrophytyl bromide: 

2Me(CHMeCH2CH2CH2)3CHMeCH2CH2Br + 2K 

(Dihydrophytyl bromide) 

[Me(CHMeCH2CH2CH2)3CHMeCH2CH2— ]2 

(Perhydrolycopene) 

Perhydro-nor-bixin diethyl ester, C28H54O4. The initial material was 
alpha, alp/ia'-dimethylpimelic ester, ROOC ], CHMeCH2CH2CH2CHMe 
[ COOR. For convenience, that portion of this formula between the 
two arrows is represented as C7H14 in what follows: 

C 7 Hi 4 (COOR )2 C 7 Hi 4 (CH 20 H )2 -> C 7 Hi 4 (CH 2 Br )2 
+ 2NaCH(COOR)2 ^ C 7 H, 4 (CHCH 2 COOR )2 

ROOCCH2CH2C7Hi4CH2CH2COONa + electrolysis 
(ROOCCH2CH2C7H , 4CH2CH2— )2 

(Perhydro-nor-bixin diethyl ester) 

This synthesis was accomplished by Karrer, Benz, Morf, Raudnitz, 
Stoll, and Takahashi.-^ 

The constitution assigned to bixin is further supported by the fact that 
bixin methyl ester on ozonolysis yields HOCCH=CMeCH— CHCOOMe 
(66<a-methylmuconic ester) and MeCOCH==CHCOOMe (acetylacrylic 
ester). 

Perky drocrocetin, C20H38O4. Starting with 2 , 6 -dimethylheptandiol- 
1 , 7 , HOCH2 i CHMeCH2CH2CH2CHMe j CH2OH, obtained by 
reduction of the alpha, aZp/ia'-dimethylpimelic acid noted above, and 
again representing by C7H14 that portion of the formula between the 
two arrows, the successive steps taken by Karrer, Benz, and StolP®^ 
in carrying out this synthesis were the following : 

/CH2OH /CH20Et /CHgOEt 

C 7 Hi 4 < C 7 Hi 4 < C 7 Hi 4 < 

^CH20H \CH2OH \CH2Br 

+ NaCH(COOR)2 — ^ EtOCH2C7Hi4CH2CH2COOK + electrolysis 

(EtOCH2C7Hi4CH2CH2 — )2 + hydrolysis — > 

(HOCH2C7H14CH2CH2— )2 + oxidation 

(HOOCC7H14CH2CH2 — )2 (Perhydrocrocetin) 

Perhydrocrocetin 2 7 has been degraded to a diketone by the follow- 
ing steps, using C14H28 to represent that portion of the perhydrocrocetin 
formula between the two vertical arrows: 

Karrer, Benz, and Stoll, Helv. Chim. Acta^ 16, 297 (1933). 
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i i 

HOOCCHMe(CH 2 ) 3 CHMe(CH 2 ) 4 CHMe(CH 2 ) 3 CHMeCOOH 
(Perhydrocrocetin) + Br + P 
Ci 4 H 28 (CBrMeCOOH )2 + dilute alkali 
CuH28(C(OH)Me(COOH)2 + CH2N2 
Ci 4 H 28 (C(OH)MeCOOMe )2 + MeMgl -> 
Ci4H38(C(OH)MeC(OH)Me2)2 + Pb(OAc )4 


C 14 H 28 AC 2 (6,ll-Dimethylhexadecane-2,l.')-dione) and this diketone 
has been synthesized thus: 

CH 3 CHO + 2CH2(CN)C0NH2 

esterification 

CH 3 CH(CH(CN)C 0 NH 2)2 > 

reduction -f-Na -fEtl 

CH3CH(CH2C00R)2 > CH3CH(CH2CH20H)2 ^ > 

+ PBr> 

H0CH2CH2CHMeCH2CH20Et >■ 

BrCH2CH2CHMeCH2CH20Et 

[— CH2CH2CHMeCH2CH20Et]2 

+ NaCH(COOR), etc. 

[— CH2CH2CHMeCH2CH2Br]2 ^ > 

+SOC1, 

[— CH2CH2CHMeCH2CH2CH2COOH]2 > 

+MeZnI 

[— CH2CH2CHMeCH2CH2CH2COCI]2 > 

[— CH2CH2CHMeCH2CH2CH2Ac]2 


Natural perhydro-nor-bixin has been broken down to a dialdehyde,-' 
and the acid obtained from the latter by oxidation (3,7,12,16-tetra- 
methyloctadecane-l,18-dicarboxylic acid) has in turn been built up to 
perhydrocrocetin, “’•* the successive steps bt;ing these: 

Ci4H28(CHMeCH2CH2COOH)2 -H Br -1- P-> 

(Perhydro-Ttor-bixin) 

Ci4H28(CHMeCH2CHBrCOOH)2 + dilute alkali -» 
Ci 4 H 28 (CHMeCH 2 CH(OH)COOH )2 -1- CH2N2 -♦ 
Ci 4 H 28 (CHMeCH 2 CH(OH)COOMe )2 -f MeMgl 
Ci4H28(CHMeCH2CH(OH)C(OH)Me2)2 + Pb(OAc)4 -♦ 
C, 4 H 28 (CHMeCH 2 CHO )2 -f- CrOa 

>•> RaudniU and Peachel. Ber., 66 , 901 (1933). 
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Ci4H28(CHMeCH2COOH)2 + Br + P 
(3,7,12,16-Tetramethylocta(lec!i.ne-l,18-dicarboxyIic acid) 
Ci4H28(CHMeCHBrCOOH)2 + KOH 
Ci4H28(CHMeCH(OH)COOH)2 + CH 2 N 2 
Ci4H28(CHMeCH(OH)COOMe)2 + MeMgl -» 
Ci4H28(CHMeCH(OH)C(OH)Me2)2 + Pb(OAc)4 
Ci4H28(CHMeCHO)2 + CrOa 
Ci4H28(CHMeCOOH)2 (Perhydrocrocetin) 

Further, natural perhj^drocrocetin has been built up to perhydro-nor- 
bixin thus: ' 

Ci4H28(CHMeCOOH)2 + esterification —4 
Ci 4 H 28 (CHMeCOOR )2 + Na + alcohol -4 
Ci4H28(CHMeCH20H)2 + HBr 

Ci4H28(CHMeCH2Br)2 + NaCH(COOR )2 + saponification — * 
Ci4H28(CHMeCH2CH(COOH)2)2 + heat -> 
Ci4H28(CHMeCH2CH2COOH)2 (Perhydro-?ior-bixin) 


The paraffin hydrocarbons corresponding to crocetin and bixin have 
been named by Karrcr “ crocetane ” (2,6,11,15-tetraniethylhcxadecane) 
and “ bixane ” (4,8,13,17-tetramethyleicosane), while “ dibixane ” is the 
4,8,13,17,22,26,31,35-octamothyloctatriacontane. 

From the potassium salt of perhydrobixin, Karrer, Stoll, and 
Stevens^®® carried out the following syntheses: 


Syntheses of Higher Hydrocarbons from Perhydrobixin. 

MeOCOC22H44COOK (Perhydrol)ixin, K salt) + electrolysis 
I MeOCOC22H44 • C22H44 COOMc 1 


+Na+EtOn 


+KOH 


[— C22H44CH20ri]2 
l+HBr 

[— C22H44CH2Br]2 

I -f-Cu — Zn 


MCOCOC22H44 • C22H44COOK 
I + elpctroylsis 
[— C44H88COOMe]2 

I + MeMgl 


[— C22H44CH3]2 

(€ 481194 ) (Dibixane) 


[— C44ll8sC(OH)Me2]2 
I +I 1 I 


[— C44H88CIIMe2]2 < 1 

(C,JI„„) 

Karrcr and Benz, Hdv. Chim. Ada, 16 . 337 ( 1933 ), 
Karrcr, Stoll, and Stevens, ibid., 14 , 1194 ( 193 1). 



THE CAROTENOIDS 


1193 


Me2CH(CH2)2CHMe(CH2)3CHMe(CH2)4CHMe(CH2)3CHMe(CH2)2 

(CH2)2CHMe(CH2)3CHMe(CH2)4CHMe(CH2)3CHMe(CIl2)o 

1 

(CH2)2CHMe(CH2)3CHMe(CH2)4CHMe(CH2)3CHMe(CH2)2 

Me2CH(CH2)2CHMe(CH2)3CHMe(CH2)4CHMe(CH2)3CHMe(CH2)2, 

which is chemically 2,5,9,13,17,24,28,32,36,41,45,49,53,60,64,68,72,75- 
octadecamelhylhexaheptacontane, and is the highest paraffin hydrocar- 
bon of known structure yet synthesized. 

The Constitution of hefa-Carotene and of Azafrin. Iffie structural 
formula for he/a-carotene, proposed by Karrer and IMorf, which 
makes it a 7,7'-bLs[l,l,5-trimethylcyclohexene-5-yl]-9,9',13,13'-tetra- 
metliyloctadecanonaene, was deduced from the following experimental 
data : 

1. The molecular formula was established as C4UH5G by WilLstiitler 
and Mieg. 

2. Zechmeister, von Cholnoky, and Vralxdy, ’ by catalytic hydro- 
g(mation, d('monstrated the presence therein of eleven double bonds and 
two cycles. 

3. By chromic acid oxidation, Kuhn and his associates ^ deter- 
mined that there were four nudliyl side cliains in the molecule. 

4. Karrer and his co-workers, by penrianganate oxidation, suc- 
ceeded in breaking it down to gcTonic (AcC'H2CTl2C'H2C/Me2CO()H), 
o//>/ai,o/p/ia-dimethyiglutaric (H<)0 (XT^ 2(Tl2C'^Ie2(T)0H), alpha, 
o/p/ai-dimethylsuccinic (I1()(XX 'Il2CMe2t ’OOH), and dimethylmalonic 
acids (HOOCCMejCOOH), and obtaini'd at same time evidence 
of the formation of 6da-ionone (p. 1184). FurthcT, the fact tliat 
one mole of bcfa-carotene yieldeil two of geronic acid, whereas 
one of a/p/ifl-carotene gave one of geronic and one of isogeronic acid 
(Ac(Tl2C^le2CXl2CTi2(X)()H), led to the natural conclusion that beta- 
carotene contained two beta-kmone c3Tles, and a/p/m-carotene one alpha- 
and one bc/a-ionone cycle. 

5. It b(‘haves as a {)r()vitamin A, and the s^mtla^sis of ixThydrovita- 
min A by Karrer and his collalxirators hius Ixvn accomplishf'd. 

6. The ph3^sical projXTties of the compound, (‘sjx"ciall3^ its optical 
b(*havior agret*. 

7. The series of degradation and synthetic reactions (pp. 1194-95), car- 

*»«Kftrn'r et al., Uml. 14 . 1431 (1931). 

W’ill8UlU<^r uiul Miog, Ann,, 355 , 1 (11K)7). 

Zi^f’hinf*i»tc*r, v. Cholnoky. and Vrnlndy, Her,, 66, 123 (1933). 

Kuhn and Brofkmann, Her., 67 . 885 (1934). 

^ Karrer and Helfenstein, Hdv. Chim, Acta, 12 , 1142 (1929). 
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ried out by Kuhn and Brockmann, "*’^^^’^®^ throw light not only upon 
the structure of fce/a-carotene, but also upon that of azafrin. In these 
reactions, the =[Ci 5 Hi 8 ]== represents that portion of the 6e/a-carotene 
formula between the two vertical arrows. (See equations on pp. 1 194-95) 

The non-production of isomers in this oxidative breakdown of the 
6e^a-carotene molecule is in itself a corroboration of the symmetrica^ 
constitution of the polyene chain. This fact, together with the identity 
of the products formed by oxidation, as well as of those resulting from 
the action of heat, shows that, except for the four lateral methyl groups, 
the polyene chain carries no other branches. The location of the four 
lateral methyls also follows from tli(\se experimental observations. 

The aldehydes and acids wliich result from the oxidation of azafrin 
prove the structure of the polyene chain in this carotenoid, and the pro- 
duction of one and the same anhydroazafrinonamidc from both azafrin 
and beta-c2LTOtene is evidence that the polyene chain in the two must l>e 
the same. 

It was found impossible to oxidize &e^G-carotenonaldehyde direct to 
the corresponding acid (azafrinone). Similarly, the aldehyde ester, 
CjsHisOs, obtained by the action of chromic acid upon azafrin, could 
not be oxidized direct to the corresponding acid, but Wius converted into 
it by way of the oxime, nitrile, and saponification. This dibasic acid, 
C 14 H 1 GO 4 , is a lower homolog of crocetin, crystallizes in small yellow 
needles (m.p. 267 -268°), and is the first polyene dicarboxylic acid with 
5 conjugated double bonds. 

Just as azafrinonamide, under the influiuice of alkali, passes into 
anhydroazafrinonamide, so semi- 6 c/a-carot(aione and hcfu-carotenone 
yield the corresponding anhydro derivative's (1 and II). Reduction of 
(II) gives a dihydro derivative, in which it is jissurned that the addition 
of hydrogen occurs at the ends of the conjugated system, with formation 
first of a dienol (III), which then rearrange's to the' stabler diketone (IV), 
By atmospheric oxygen, this dihydro de rivative' can Ix' reconverted into 
the initial compound (II). A similar rev('rsil)le re'duction and oxidation 
has been observed in hefa-carotenone, rhodoxanthin, and the methyl 
esters of crocetin and of bixin. 


CH2CH2— CMe2 


M02CCH2CH2 


CH2CMe=CCH=[Ci6Hid=CHCH=CMcCH-=CHa= 

Anhydro8eini-6eto-carot€nonc (C 4 oH 440 ) 

CHjCHjCMea McjCCIIjCH, 

(!!==(!:CH=lC. 6 H.,]=CHCH=CMeCH=CH(!:=<*:COMe 

djOMe Bisanhydro-ftrto-cflrotenone (C4oH6202) 


(I) 

ai) 


2”' Kuhn and Brockman, Ber., 67, 1408 (1934). 
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CHjCHjCMe, MeaCCHjCH, 

(j) (!:=CH— ICuH.,)— CH==CHCMe=CHCH=(i (l;==C(OH)Me 

<'!!(OH)Me 

Bisanhydro-dihydro-bela-carotenone (dienol) (C40H54O2) 

CH2CH2CMe2 Me2CCH2CH2 

(*;H (!^CH— [C.iH 1,1— CH=CHCxMe=CHCH=C (illHCOMe 

(!:OMe 

Biaanhydro-dihydro-tt’/a-carotcnone (diketo) (C40HMO2) 


Karrer and Solmssen have obtained 6e/a-carotenal as a degradation 
product of 6cto-carotene. 

The Constitution of Capsanthin (p. 1 143). The partial degradation of 
the capsanthin (I) molecule, by a similar careful oxidation with chromic 
acid, has Ikhui reported recently by Zf^chmeister and v. Cholnoky.*^ 
Instead of the free? carotenoid, its more suitable diacetate served as 
initial material. 

The first oxidation product isolated was the diacetate of capsanthi- 
none (II) which, under the influence of alkali, clos(‘d up to the anhydro- 
capsanthinone (III). More vigorous oxidation gave a mixture of 
capsanthylal (IV), capsyl aldehyde (V), and hydroxy-6e/a-carotenone 
aldehyde (\1), which were sei)arated chromatograpliically. The cyclic 
end of capsanthin is IxAieved to be now well established, but the struc- 
ture of the acyclic end is still in doublt. 

HOCH— CH 2 — CMeo CMe-. — CII.CHOH 

I i i 1 I 

CH 2 CMe--CCH===[K]=CHa) Me( H 2 CH 2 

Capsanthin (C4oH6i,03) 

H0CH>-CH2— CMe. CMe.— CH 2 — CHOH 

I ! I i II 

CH2COMe COCH=[K]=CHC() MeCH2CH2 

Capsanthinone (C4 oH » »Ot) 

HOCHCH 2 CMe 2 CMe.— CH 2 — CHOH 

i I I I 

c— =C^CH=[K]=CHCO MeCHaCHi III 

I 

I 

COMe AnhydrooafMMinthinone (CioHieOi) 

CHCH=€MeCH=-CHCH==GMeCHO CMci— CH.— CHOH 

II I I IV 

CHCH=CMeCH=-CHCH==CMeCH=»CHCO MeCH2CH2 

Capsanthylal (CjoHijO,) 


""o Karrer and Solmaaen, Hdr. Chim. Acta, fO, 682 (1937). 
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CHCH=CMeCH=CHCHO CMea— CH2— CHOH 

II I I V 

CHCH=CMeCH=CHCH=CMeCH==CHCO MeCH2CH2 

Capsylaldehyde (C 2 7Ha808) 

HOCH— CHo— CMe2 OCHCH=CHCMe=CHCH 

II I VI 

CH2COMe COCH=CHCMe=CHCH=CHCMe==CHCH 

Hydroxy-6e(o-carotenonaldehydc (CjtHatOO 

The Constitution of Vitamin A. As explained on p. 1 167 , i»eto-caro- 
tene is believed to be a provitamin A, in the sense that in the living 
organism one molecule of 5e<a-carotcne is hydrolyzed to two of vitamin 
A, Establishment of the constitution of vitamin A, therefore, is of 
direct importance in establishing that of the provitamin. 

Perhydrovitamin A. This synthesis, completed by Karrer and his 
associates in 1933 , definitely settled the structure of the carbon 
skeleton of the vitamin. The steps taken were the following: 

CH2CH2 — CMe2 (beto-Ionone) 

! I 

CH2CMe=CCH=CHAc + BrCHzCOOH + Zn ^ 

CH2CH2— CMe2 

I I 

CH2CMe=CCH=CHCMe=CHCOOR + catalytic reduction -♦ 
CH2CH2— CMe2 

I I 4. 

CH2CHMeCHCH2CH2CHMeCH2COOR + Na + EtOH 
C14H27CH2OH + HBr -4 

Ci4H27CH2Br + NaCH(C00R)2 + .saponification + heat — ♦ 
C14H27CH2CH2COOH + SOCI2 
C14H27CH2CH2COCI + MeZnI -> 

Ci4H27CH2CH2COMe + BrCHaCOOR + Zn -♦ 
Ci4H27CH2CH2C(OH)MeCH2COOR + IlBr 
Ci4H27CH2CH2CBrMeCH2COOR + Cu— Zn 
Ci4H27CH2CH2CHMeCH2COOR + Na + EtOH ^ 

CH2CH2 — CMe2 (Perhydrovitamin A) 

I I 

CH2CHMeCH-(CH2)2CHMe(CH2)3CHMe(CH2)20H (C20H40O) 

Since perhydrovitamin A is a liquid, as further proof of the identity 
of the two products, Karrer and his co-workers took the two prepara- 
tions, one obtained by hydrogenation of a natural vitamin A concen- 
trate and the other by the above synthetic process, and carried each 
one separately through the following series of reactions : 

Karrer et al., Hdv. Chim. Acta, 16 , 626 (1933). 
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C19H37CH2OH + HBr 

(Perhydro vitamin A) 

Ci0H37CH2Br + NaCH(COOR)2 and decarboxylation 
C10H37CH2CH2COOH + SOCI2 ^ 

C19H37CH2CH2COCI + MeZnI 
Ci»H37CH2CH2COMe 

The melting point of the above acid, and of the semicarbazone of 
the ketone obtained therefrom, were the same in the two series, and the 
mixed melting points were also the same. 

Octabydrovitamin A. Kawakami^®** has hydrogenated a crude 
vitamin A from cod-liver oil and distilled the product at 5 mm. pressure. 
The main fraction, b.p.s 180 - 190 ®, purified through its acid phthalate, 
gave the octahydro derivative, C20H38O, b.p. 190 ® at 7 mm., 
0 . 90565 , and 1 . 487 . 

Tetrahydrovitamin A [l-(6^fa-Cyclogeranyl)-geraiiiol]. Ruzicka and 
Fischer*'^'* have prepared a tetrahydrovitamin A by the following series 
of reactions, using both alpha- and fceto-ionones as initial materials. 

CH2CH2— CMe2 

L i ^ 

CH2CiVIe==CCH2CH2COMc (Dihydro-bcta-ionone) + C2H2 + A aNH2— 
CiiHi9C(OH)MeC^CH + catalytic reduction — » 
C„Hi9 C(OH)CH=CH2 + PCI5 

CnH,9CMe=CHCH2Cl + ACCH2COOR + hydrolvf^Ls -> 
CiiH,9CMe=CHCH2CH2COMe + NaNH2 + C 2 H 2 -» 
C,iH,9CMe=CHCH2CH2C(OH)]MeC=CH + catalytic reduction -♦ 
CuH,BCMe=CHCH2CH2C(OH)CH=CH2 + Ac2() — 
CiiH,9CMe=CHCH2CH2CMe==CHCH20Ac + saponification 
Cl iHi9CMe=CHCH2CH2CMe=CHCH20H (C20H34O) 

Purified through their phthalic esters, they formed vLscous oils, b.p. 
136 - 138 ° at about 0.1 mm. pressure. Ruzicka has patented them. 
208 . 207.208 Lijjg perhydrov-itamin A, they are without any of the 
growth-stimulating properties of vitamin A itself. 

Dihydrovitamin A. Gould^°® has recently completed the sjmthesis 

Kawakami. Sei. Papert Itut. Phyt. Chem. Rntarck (Tokyo). 86, 77 (1935). 

»« Ruiicka and Fiacher, Heir. Ckim. Ada. 17, 633 (1934). 

*• U. 8. pat. 1,999,110, Ruiicka (to 8oc. pour find. chim. k B&lc) (.4pr. 23. 19.35); 
|C. .it., n, 4021 (1935)]; Oer. pat. 601,070, Soc. pour I'ind. chim. k Bkle (.Vug. 16, 19;!4); 
[C. A., 88. 7261 (1034)1. 

"*Ger. pat. 601,070, 8oo. pour find. chim. k Bklo (.Vug. 10. 1934); [C. A.. 88, 7261 
(1934)1. 

Swinpat. 168,135, Soc. pour I’ind. chim. k Bkic (June 1, 19,34); (C .. 1 ., 89 , 552 (1935)]. 
"•Swill pat. 174,869, Soc. pour I'ind. chim. k Bkle (April 16, 1935); [C. A., 30, 240 
(1936)]. 

•"Gould, J. Biol. Chtm., 114, xU (1036). 
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of a dihydro vitamin A, which he began with Thompson,^ UBing betch 
ionone as initial material. A noteworthy discovery in the prosecution 
of the work was that, in the Nef reaction, potassium /er^.-butylate or 
^er/.-amylate could be used advantageously in place of sodium or sodium 
amide. 

The synthesis involved these steps : 

CH2CH2— CMe2 

I I i 

CH2CMe=CCH=CHCOMe + /iT^.-C^HnOK + C2H2 
CiiHi7CMe(OH)C=CH + H2 + Pd 
CiiHi7CMe(OH)CH=CH2 + PBra 
CiiHi7CMe=CHCH2Br + AcCHNaCOOR + KOH 
CiiHi7CMe=CHCH2CH2COMe + H 2 
CH2CH2— CMeo 
I I 

CH2CHMeCHCH2CH2CH.MeCH2CH2CH2COMe 


By a similar series of reactions, tliis hist compound was synthesized 
also from tetrahydroionone. 

The synthesis was then continued by applying the Nef reaction 
(C2H2 + /cr^-CsHiiOK) to the next to the last compound above, and 
this yielded 

CiiHi7CMe=CH(CH2)2C:\Ie(()II)fe(:^^^ + AC 2 O 

CiiHi7CMe=CH(CH2)2CMe=CHCH20H, which was purified 
through the phthalate and also turned out to be devoid of vitamin A 
activity. 

Milas and McAlevy^^^ have condensed the magnesium derivative 
of l-bromo- 4 -methyJ- 2 , 4 -hoxadiene with alpha~\ononi% and dehydrated 
the product by phenyl isocyanate or potassium hydrogen sulfate. 
There resulted a deep red hydrocarbon, whose chemical properties 
resembled those of carotene and of vitamin A, and for which they sug- 
gested the formula shown below. 


CH 2 CH 2 CMe 2 

I i 

CH=CMeCHCH=CHCOMe + BrCH2CH=CnCMc=CHMe -* 
CHsCHaCMes 


CH=CMeCHCH=CHC(OH)MeCH2CH=CHCMe==CHMe 

(C20H32O) 

CH 2 CH 2 CMe 2 

iH=CMeCHCH=CHCMe=CHCH=CHCMe=CHMe 


PhNCO 


Gould and Thompw^n, J. Am. Chem. Soc., 67, ^40 (1935). 
2“ Milas and McAlcvy, ibid., 67. 680 (1936). 
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If the pure hydrocarbon is highly colored, it can scarcely possess this 
formula, since four consecutive conjugations are not sufficient to endow 
it with any such property (p. 1171). 

The physiological effects of the tertiary alcohol have not tx'en 
reported. 

Kuhn and Morris have reported recently the synthesis from bda- 
ionylideneacetaldehyde of a vitamin A of approximately 7.5% 
purity. ^ ^ 

befa-Euionone. Another interesting synthesis in this field was that 
of beta-euiononej by Karrer and Morf,^^^ using hetorionone as initial 
material : 

CH2CH2CMe2 

1 \ 

Cri 2 CMe=CCH=CHCOMe + BrCHsCOOR + Zn 
CnHi 7 CMe=CHCOOH + PCI3 
CiiH, 7 CMe=CH(;OCl + :\leMgI 
CnHi 7 CMe=CHCOMe + BrCH.COOR + Zn 
CiiHi 7 CMe=CHC^Ie=CHC()OH + PCI3 --- 
CllHl 7 C^Ie=(:HC^Ie=CHCOCl + MeMgl 
CnHi 7 CMe=CHCMe=CHCOMe d^ta-euionone) 

This final product w'as without any \'itamin A action when admin- 
istered to animals, but possessed a finer and more powerful violet per- 
fume than the ionones. 

Crystalline Derivatives of Vitamin A. Vitamin A has been obtained 
usually as a pale yellowish viscous oil, whose ultra-violet absorf)tion sjx^c- 
trum shows a maximum at 328 niM. S|x^ctrophotometric metliods of 
estimating vitamin A by means of the extinction coefficient of 328 mji, 
alone or in the presence of carotene, have been developi'd b}- Morton 
and Heilbron,2i'^**i4.2i5 Drummond and Morton, and by Coward 
et al " A new photoelectric method for measuring vitamin A has Ix'en 
descrilxxl by McFarlan, Reddie, and Merrill. By an improved 
technique, Holmes and his co-workers**® - have prepared highly 


Kuhn an<l Morrin, Her., 70 , SS.'i (llKiT). 

Knrrcr nrui Morf, Helv. Chim. Acta, 17 , (1934). 

Morton aiuJ Hoilhron, Nature, 12S. 10 (I92S). 

*** Morton and Hcilhron, Biochrm. J,, SS. 9S8 (1928). 

Morton and Ileilhron, ibid,, S4. 870 (19:i0). 

Drummond and Morton, ibid,, SS, 785 (1929). 

Coward d al„ ibid., S5. 1102 (1931). 

fn« McFarlan, Reddie. and Merrill, Ind. Eng. Chcm. {Anal, ed.), 9, 324 (1937). 
Holmes ci al., J. Am. Chcm. Soc., 67 , 1990 (1935). 

Holmes and Corbet, Science, 86 . 103 (1937). 
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potent vitamin A concentrates, culminating in the securing of a crystal- 
line concentrate from the liver oil of Stereolepis ishinagiy of approximately 
100,000 blue values and = 2000 (by Hilger Vitameter-A). The 
pale yellow crystals, formed at low temperature, melted at 5.6—6° to a 
viscous yellow liquid. 

Terada,^^® by heating a mixture of crude vitamin A and succinic 
anhydride, obtained an acid succinate, as a reddish yellow oil, which, after 
saponification with sodium hydroxide, yielded vitamin A as a yellowish 
oil. 

There has been great need therefore of stable crystalline derivatives, 
which could be identified by their analysis and the determination of their 
melting points and other physical constants. The following contribu- 
tions in this direction have recently been published by Japanese 
investigators. 

Kawakami,-^^^ starting with a vitamin A concentrate from the liver 
oil of Theragra chalcograrnma, condensed its acetate, in benzene solution 
and in an atmosphere of carbon dioxide, with two molecules of 
maleic anhydride, thereby obtaining acetylsukesoic acid anhydride (I), 
CaoHaeOs, m.p. 261-262°, to which he assigned this formula: 

CH2CH2— CMe. CHCO— 0— COCH CHCO— O— COCH 

I I “ I i i I 

CH2CMe=C CHCH=-CMe— CH--CHCH=CMe— CHCH2OAC 

The corresponding benzoyl derivative, CasHasOg, melted at 263- 
264°. 

Using an acetylated vitamin A, prepared from the liver oil of Stereo- 
lepis ishnagi, he obtained by the same process an acetyl ishnagiic anhy- 
dride (II), m.p. 221-222°, isomeric with (I) and believed to have a 
similar structure. 

Hamano,““'^ using a chromatographically purified vitamin A, of 
8300 CLO, repeated Kawakarni's work and confirmed his results. He 
also discovered that, when he treated the fresh liver oil of Stereolepis 
ishnagi directly with maleic anhydride, in benzene solution at 90-100° 
in an atmosphere of carton dioxide until the antimony trichloride reac- 
tion was negative, there resulted a crystalline pnxluct, C44H64O8, 
m.p. 220°, which was the palmitylvitamin A-maleic anhydride adduct (III) 
since, when saponified by alkali, it yielded palmitic acid and vitamin 
A-dimaleic acid lactone (IV), C28H36O8, m.p. 184°. The constitution of 
(III) was corroborated by its synthesis from a purified vitamin A con- 
centrate, heated first with palmityl chloride and then with maleic anhy- 

Jnp. pat. 101,491, Terada (June 13, 1933) [C. A. 28. 5182 (1934)]. 

**®Hamano, Sci. Papers Inst. Phys. Chem, Research (Tokyo), 26, 82 , 87 (1935). 
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dride. It follows that the vitamin A in this liver oil, and quite probably 
in other fish-liver oils as well, is present as the palmityl ester. 

As Hamano points out,^^^ none of the above crystalline derivatives 
are physiologically active, nor can the vitamin A be recovered from 
them. He has recently prepared a crystalline vitamin A heta-naphthoaiey 
C 31 H 36 O 2 , m.p. 76°, from a vitamin A concentrate and fee^a-naphthoyl- 
chloride, in the presence of pyridine. This naphthoate exhibited a 
vitamin A activity of 2700 CLO and, when saponified by a 10 per cent 
potassium hydroxide solution, yielded vitamin A and 6eto-naphthoic 
acid. 

Hamano has also obtained a vitamin A anihraqiiinone heior-carhoxylaiey 
C20H29OCOC14H7O2, yellovii^exagonal plates (from acetone), m.p. 124°, 
with a vitamin A activity of about 6000 CLO. 

Other Approaches to the Synthesis of Vitamin A. The s>mthesis of 
pure vitamin A has not as yet been achieved, although numerous 
attempts have been and are still being made to accomplish this, follow- 
ing the publication, in December, 1931, of the structun^ assigned to it 
by Karrer, Morf, and Schopp.^-* 

One of the first attacks upon the problem of its synthesis was that 
of Kam'r, Salomon, Morf, and Walker, which may l^e presented 
schematically thus: 

CH2CH2— CMe2 (I) 

I I 

CH 2 CMe=CCH=CHCOMe + BrCHaCOOR + Zn -♦ 

CH2CH2— CMe2 (II) 

I I 

CH 2 CMe=CCH=CHCMe==CHCOOR + catalytic reduction -► 
CH 2 CH 2 — CMe 2 (III) 

I 1 i 

CH 2 CHMeCHCH 2 CH 2 CHMeCH 2 COOR + Na + EtOH — 
C,4H27CH20H (IV) +HBr-+C, 4 H 27 CH 2 Br (V) H-ClCBzOMe+Mg-^ 
C,4H27CH2CH20Me (VI) + 

(VII) 


■CHaCH=CMe2 

. iH2CMe=-CHCH2CH2CMe=CHCH2— 

Squalene 

*<■ Hamano, &nd., M. 00 (193S). 

*** Karrer, Morf, and SchOpp. W«fr. CAtm. Ada, 14, M.'M (1931). 
*>• Karrer, Salomon, Morf, and Walker, ibid., IS, 873 (1932). 


(VIII) 

2 


CH 2 CH 2 — CMea 

CHaCH MeiHCHaCHsCHMeCHjCHa— 
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In this series of reactions, when an attempt was made to use the 
magnesium derivative of the bromide (V) with chloromethyl ether, so 
as to secure the ether (VI) for further lengthening of the side chain, only 
a little of this product w^as formed, together with some hydrocarbon, 
apparently by loss of hydrogen bromide from the original bromide (V), 
One of the main products of the reaction was a bimolecular condensa- 
tion, resulting in a methylated dicyclohexyldecane (VII), which may be 
regarded as a perhydrosqualene (VIII) cyclized at both ends, like the 
carotenes. 

Another trail blazed by Karror toward the same goal k^gan with 
the condensation of allylmagnesiurn bromide with the ionones. In this 
way, aZpAa-ionone (IX) yielded the unsaturated alcohol (X), from 
which water was split out, when it was heated with phenyl isocyanate, 
giving the hydrocarbon (XI). The constitution of the latter was 
proved by the facts that on ozonolysis. it yielded 23.4 pf‘r cent of the 
calculated amount of isogeronic acid ; by oxidation with chromic oxide, 
2 molecules of acetic acid; and with pK^rmaganatc, which attacks only 
the methyl group of the side chain, one molecule of acetic acid. In 
chloroform solution, it gave with antimony trichloride a deep brownish- 
red solution of violet tinge. 

Strangely enough 6c/a-ionone, subjected to the same reaction with 
allylmagnesiurn bromide, did not lM*have similarly. Little or no alcohol 
was formed, and it appeared that the bromide had added to one of the 
ethylene bonds. 


CH2CH2~CMe2 (IX) 

I I 

CH=CMeCH [ CH=CHCOMe + BrMgCH2CH==CH2 -♦ 

C 9 Hi 5 CH=CHCMe(OH)CH 2 CH=CH 2 (X) + PhNCO -» 

C9Hi5CH=CHCMe=CHCH=CH2 (XI) 

In England, Heilbron and his associates' distilled at low pressure 
the barium salt of (I) with barium formate, and obtained the corre- 
sponding aldehyde (II), which was then reduced to the corresponding 
alcohol (III) by the action of aluminum isopropoxide. This alcohol 
(III) was devoid of any vitamin A activity. 

CH2CH2— CMeo (p. 1203) 

I i 

CH2CMe=CCH=CHCMe=CH i COOH (I) -|- (HCOO)2Ba 

C,4H2,CH0 (II) + Al(OC. 3 H 7)3 -> 

C14H21CH2OH (III) 

The aldehyde (II) was condensed with acetone, in the presence of 
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piperidine, the resultant alcohol (IV) dehydrated with anhydrous oxalic 
acid, and the unsaturated ketone (V) subjected to the Ileformatsky 
reaction (p. 461) with ethyl bromoacetate, yielding an unsaturated ester 
(VI), which it is hoped to reduce to the corresponding aldehyde in the 
same way as (II) was obtained from (I). 

C 14 H 21 CHO (II) + AcMe + piperidine 
Ci4H2jCH(OH)CH2COMe (IV) + (COOH )2 
Ci 4 H 2 iCH=CHCOMe (V) + BrCH 2 COOR + Zn 
Ci 4 H 2 iCH=CHCMe=CHCOOR (VI) 

Further, the ketol (IV), when treated with brornoacetic ester and 
zinc, gave the unsaturated ester (VII), from which the corresponding 
aldehyde (VIII) was secured by distilling the barium salt of the acid 
with barium formate, but. this has not yet been dehydrated to the 
octatetraene. 

C, 4 H 2 iCH(OH)CH 2 COMe (IV) + BrCH 2 COOR + Zn 
Ci 4 H 2 iCH(OH)CH 2 CMe=CHCOOR (VH) ^ 
(C,4II2lCH(0H)(lI2(^^Ie=(TKX)0)2Ba + (HCOO)2Ba 
Ci 4 H 2 iCH(OH)CH 2 CMe=CHCHO (\'III) 

Recently, Fuson and Christ have report(‘d an attempt to prepare 
vitamin A (IV) by the condensation of one mole of 6e/a-cyclocitral (I) 
with two of dimethylacrolein (6e/a-methylcrotonaldehy(ie) (II), follow- 
(‘d by reduction of the supposititious aldehydic product (III) with 
aluminum isopro{X)xidc : 

CH 2 CH 2 — CMe 2 

1 ! 

CH2CMe=C i CHO + Me2C=CHCHO + Me^C^CHCHO 
CoHI5CH=CHC^Ie=CHCT^=CH(^^Ie=(l^(1^0 (III) + Al(OPr) 3 -> 
CuH,5CH=(lIC\[e===CIiCn=CHCAIe=CHCH20H (IV) 

The r(\sulting solution gave a blue color with antimony trichloride in 
chloroform, and an ultra-violet absorption six'ctrum with a maximum 
in the vicinity of 328 m/i. 

Heilbron and Jones,*-’’ in commenting upon the above, have pointed 
out that antimony trichloride color reactions are much less reliable than 
sf)ectroscopic evidence in such problems, and that the biological test is 
the most important one. Thus, the farnesinol of Fischer and Hultzsch 
(p. 1207) gives an intense blue with antimony trichloride in chloroform 
solution, and very probably htis an absorption maximum in the neigh- 
borhood of 328 rn/ 4 . 

Fuson and Christ, Seiefice, 84 , 294 (1936). 

*** Heilbron and Jones, Chemistry Indx»Mry, 813 (1936). 
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In their own experiments, attempts to condense heta-cyclo^ 
citral with crotonic or other aldehydes were unsuccessful, using the 
piperidine acetate catalyst of Kuhn, Badstiibner, and Grundmann.^^? 
Citral, however, condensed readily with one mole of crotonaldehyde, or 
its beia-methyl derivative, and the products were easily cyclized by a 
new method (not described). The^y are of the opinion, therefore, 
that citral offers a simpler approach than be^a-ionone to the synthesis 
of vitamin A. 

At Prague, Czechoslovakia, Bernhauer and his collaborators 22 8. 2 2 9. 
23 0,231.232 have been trying for several years to reach the vitamin A 
goal by a somewhat similar route, namely, by condensing citral (I) with 
2, 6-dime thy loctatrienal-8 (II), followed by cyclization (III) and then 
reduction of this aldehyde to the corresponding alcohol (vitamin A) (IV) 

CH2CH=CMe2 

I 

CH2CMe=CHCHO + Me2C=CHCH=CHCMe=CHCHO 

(I) (II) 

CH2CH2— CMe2 (III) 

I I 

CH2CMe=CCH=CHCMe=CHCH=CH('Mc=C’HCHO+reduction-, 
CH2CH2 — CMe2 (Vitamin A) (IV) 

CH2CMe=CCH=CHCMe=CHCH=CHC;AIe===CHCH20H 

It was hoped to obtain the necessary trienal (II) by condensation 
of two moles of fteto-methylcrotonaldehyde, 

Me2C=CHCH() + Me2C=CHCH() 

Me2C=CHCH (OH)CH2CMe=C^HCH( ) % 

Me 2 C=CHCH=CHCMe=CHCHO (II) 

but in this they have not as yet been successful. 

In connection with these investigations, they reported also, ^3 2 gome 
three months prior to the above article by Hcilbron and Jones^^^ 
in the same field, that crotonaldehyde condensed with citral, in the pres- 
ence of barium oxide, with formation of a crystalline product, C14H20O2, 
m.p. 99®, of undetermined structure. 

**«Heilbron, Jones. Lowe, and Wright, J. Chem. Soc., 561 (1936). 

Kuhn, Badstiibner, and Gnindmann, Ber., 69 , 98 (1936). 

See, also, Batty, Burawoy, Heilbron, Jones, and Ix)we, J. Chem. Soe., 756 (1937). 

*** Bernhauer and Irrgang, Biochem. Z., S 64 . 434 (1932). 

Bernhauer and Neubauer, ibid., 291 , 173 (1932). 

Bernhauer and Woldan, ihid., 249 . 199 (1932). 

*** Bernhauer and Drobnick. ibid., 266 , 197 (1933). 

*** Bernhauer, Irrgang, Adler, Mattauch, Mliller, and Neiser, Ann., 926 , 43 (1036). 
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Wittig and his co-laborers, recalling the fact that the classical 
method of synthesizing polyene aldehydes, R(CH=CH),,CHO, is by 
repeated condensations with acetaldehyde, ECHO + CHaCHO--^ 
RCH==<:JHCH0 + CH3CH0 R(CH====CH)2CH0, etc., bring out 
forcibly the objections to the method because the RCHO reacts not only 
with the acetaldehyde, but also with itself, resulting in mixtures which 
are often difficult to separate, and yields therefore are likely to be. low. 

The condensation of RCHO with CH3COCOOH, to compounds of 
the type RCH==CHCOCOOH, as carried out by Fischer and Wiede- 
mann^^® (p. 1212), followed by the elimination of carbon dioxide, 
has not proved satisfactory, probably on account of the instability of 
the aldehyde so fonned. 

The authors therefore have had recourse to the following series of 
reactions: RCHO + H2C(CN)COOH -> RCH=CXCN)CX)OH + Cu 
RCH=CHCN + H( 1 RC:H==CHCC1=NH + SnCb 
RCH=CHCH==NH + H2O -> RCH=CHCHO, and in this way these 
colorless aldehydes were obtained: PhCH====<?HCH===C'HCHO and 
Ph2(>=CHCH=CHCHO. 

Fischer and Hultzsch^'^*^ have also studied the condensation of beia^ 
methylcrotonaldehyde (I) and found that, with weak aqueous alkali, it 
yielded dimcthyloctatrienal (II) (dehydrocitral) (lemon yellow), fariies- 
inal (III) (golden yellow), and other products. 

2Me2C-=CHCHO Me2C=CHCH=CHCMe=CHCHO + H2O 

(I) (CJl.O) (II) (CioHuO) 

3Me2C=CHCHO 

AIe2C====€HCH=CHCMe=CHCH=CHCAIe=CHCHO + 2H2O 

(III) (CuHjoO) 

Of the crude reaction product, 50 per cent could be distilled at low 
pressure, and of (his distillate about one-half wtis (II) and one-fifth 
(III). The dehydrocitral (II) could not be recovered as such, but could 
be oxidized to the corresponding (dehydrogeranic) acid by silver oxide, 
or reduced to the alcohol (dehydrogeraniol) with aluminum isopropoxide. 
The farnesinal (III) w'sis similarly reduced to farnesinol; or, on cata- 
lytic hydrogenation, it added ten atoms of hydrogen, with fonnation of 
hexahy drof arnesal . 

Fischer, Hultzsch, and Flaig^'**^® have also synthesized from croton- 
aldehyde, dodecapemtenal, dodecapentenol and tetradecahexadienoic 
acid, 

Kethur, Klein, and Wiethrock, Ber., 69 , 2078 (1936). 

Fischer and HulUech, Ber., 68, 1726 (1935). 

Fischer, Hultssch, and Flaug, Ber., 70, 370 (1937). 
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All these new polyene aldehydes and alcohols, especially the lower- 
melting ones, were extraordinarily sensitive to oxygen. Farnesinol, in 
chloroform solution with antimony trichloride, gave an inky blue color, 
resembling that produced by vitamin A under similar conditions. 

In comparison with citral and geraniol, the odors of dehydrocitral 
and dehydrogeraniol were weaker, sweeter, more floral, and (especially 
the aldehyde) less spicy and refreshing. Those of farnesinal and farnes- 
inol were very faint, that of the alcohol being the sweeter and more 
floral. 

According to the experience of Kuhn, Badstiibner, and Grund- 
mann,^^^ pure crotonic aldehyde (I) cannot be condensed to octatrienal 
(III) by piperidine, except after exposure to the light of the sun (or of 
a quartz lamp), or by the addition of acid catalysis. In other words, 
the actual catalyst appears to be the piperidine salt, and not piperidine 
itself. Thus, piperidine acetate has proved very satisfactory as a 
catalyst for the condensation of a numlK*r of these aldehydes. Among 
the products thus obtained from the interaction of (1) and acetaldehyde, 
was a small quantity of decatetraenal (IV), m.p. 107--107.5°, which 
gave a dark wine red with concentrated sulfuric acid. 

Benzaldehyde was conderLsed similarly with crotonic aldehyde (I), 
to form phenylpentadienal (V), and citral with acetaldehyde, to give 
citrylidene acetaldehyde (VI), ddie authors noted that the odor and 
physical constants of the latter product differed somewhat from tliose 
given by von Braun and Rudolj)!!--^'^’ for tludr citrylidene acx'taldehyde, 
and also that reduction with aluminum isopropoxide to the citr^didene 
ethyl alcohol yielded a product whose' rose' odor was more pc'rslstent 
than that of geraniol. 

When the decatetraenal (I\") was condensed with maU)nic acid, in 
the presence of pyridine, and the dicarboxylic acid heatf'd, there resulted 
a dodecapentaenoic acid (VH), which melte'd with decomf>osition at 
247°, and gave a brownish red color with concentrated sulfuric acid. 

MeCH=CHCHO (1) 

Me(CH=CH) 2 CHO (II) 

Me(CH=CH) 3 CHO (III) 

Me(CH=CII) 4 CHO (1\) 

PhCH=CHCH=CHCHO (V) 

CH2CH=CMe2 

iH2CMe=CHCH=^HCHO (VI) 

Me(CH=CH)4CHO + H 2 C(COOII )2 + pyridine + decarboxylation 
Me(CH=CH)4CH=CHCOOH (VII) 

V. Braun and Rudolph, Ber., 67 , 1735 (1934), 
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Another approach to the synthesis of compounds related to vitamin 
A, or the semi-carotenes, was that of Zarkind, Zoiiis, and Blokhin, 
w^ho condensed hetaAonoim (I) with the magnesium derivative of vinyl- 
acetylene (II), and reduced the product (III) catalytically to the satu- 
rated tertiary alcohol (IV), whose constitution was established by its 
oxidation to tetrahydroiononc and butyric acid. 

CH2CH2— CMe. (I) (II) 

I I 

CH2CMe=CCri=CHCOMe + XMgfeCCH=CH2 -> 

CH2CH2— CMeo fill) 

i i 

CH2CMc=(X:H=CHC(()H)MeCsCCH=CH2 + H2 -> 

CH2CH2— CM02 (n) 

I ! 

CH2Cl^^lc(7^C^l2(:H2C(()II)^IeCI^2CI^2CH2CII3 + K2Cr207 

CH 2 CH 2 --CMe 2 fV) 

I ! ' ' 

CH2CHMcC'II(:H2CIl2COMe + C’H3CH2CH2COOH 

Two Hussiiin invest igtitors, Teterin and Ivanov,- *' investigated the 
action of niagnosiuin upon a mixture of f>eto-io)\one and 1 , 4 -dil)romo- 2 - 
butene, and found that it resulted only in the reduction of the ionone to 
the corresponding [jinacol. 

S 3 mthesis of Other Polyenes 

Because of their fundamental importance in the development of the 
present theories concerning the connection between color and constitu- 
tion in the polyt'ne pigments, the syntheses of certain diphenylpolyenes, 
and polvene carboxylic acids, are given here. 

Synthesis of diphenyljwljTnes ' (p. 1179 ). 

(a) Ph(CH=CH) 2 Ph,— 

PhCII=CHCH() + PhCH 2 COOH 
Ph(’H=(TICII=CHPh d- H2O -f CO2 

(b) Ph(CH==CH) 3 Ph.— 

2 PhCH==CHCHO + copper-plated Zn dust 

PhCH=OHCHOH PhCH=CHCH 

I + PI3 - i! 

PhCH=CHCHOH PhCH=CHCH 

Zal’kind, Zonis, and Blokhin, Comp(. rend. acad. ad. U.R.S.S.^ 57 (in German 

(il) (1935). 

Teterin mid Ivanov, ibid,, %, 259 (in German 260) (1935). 
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(c) Ph(CH=CH) 4 Ph.— 

PhCH=CHCHO + CH 2 CH 2 + OCHCH=CHPh 

I I 

HOOC COOH 

PhCH=CHCHCH— CHCHCH=CHPh 

I I I I -f- h6&t — > 

O-CO OC-0 

PhCH=CHCH=CHCH=CHCH=CHPh. 

This diphenyloctatetraene is the easiest one of the colored scries to 
prepare, the yield from a kilo of succinic acid being as high as 700 grains. 

(d) Ph(CH=CH)5Ph.— 

Mucic acid + PCI 5 ^ Dichloromuconic acid + Na amalgam — » 
Dihydromuconic acid 

PhCH=CHCHO + CH2CH=CHCH2 + OCHCH=CHPh — 

1 I 

HuOC COOH 

(Dihydromuconic acid) 

PhCH=CHCH=CHCH=CHCH=CHCH=CHPh 

(e) Ph(CH=CH)cPh.— 

2PhCH==CHCH=CHCHO + HOOCCH 2 CH 2 COOH -» 
PhCH=CHCH=CH CH=CH 

PhCH=CHCH=CHCH=CH 
(/) Ph(CH=CH)7Ph.— 

PhCH=CHCH=CHO + H2C(C00H)CH 

II 

PhCH=CHCH=CHO + H2C(COOH)CH 
PhCH=CHCH=CHCH=CHCH 

PhCH==CHCH=CHCH=CHCH 
(g) Ph(CH=CH)8Ph.— 

PhCH=CHCHO + 2 CH 3 CHO -» 
2PhCH=CHCH==CHCH=CHCHO+HOOCCH2CH2COOH-^ 
PhCH=CHCH=CHCH=CHCH=CH 
PhCH=CHCH=CHCH=CHCH=CH 
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Wittig and Klein have conducted some interesting studies on the 
connection between color and constitution in the following tetraphenyl, 
tetrabiphenyl, and related polyene hydrocarbons: 

(I) Ph 2 C=CPh 2 (Diphenylstilbene), colorless. 

(II) Ph 2 C=CHCH==CPh 2 (1,1,4,4-Tetraphenylbutadiene), colorless. 

(III) Ph 2 C(=CHCH=) 2 CPh 2 (l,l,b,6-Tetraphenylhexatriene), pale 

yellow. 

(IV) Ph 2 C(=CHCH=) 3 CPh 2 (1,1,8,8-Tetraphenyloctatetraene), yel- 

low. 

(V) Ph 2 C(=CHCH=) 4 CPh 2 (1,1,10,10-Tetraphenyldecapentaene), 
orange. 

(VI) Ph 2 C=CGH 4 ==CPh 2 (Tetraphenyl-p-xylylene), orange. 

(VII) Ph 2 C=CioH 6 =CPh 2 (Naphthoquinone-2, 6-?ns [diphenylmeth- 
ide]), red. 

(VIII) Ph2C==CGH4===CeiH4=CPh2(Diphenoquinone-p,p'-W5[diphenyl- 
methide]), violet. 

(IX) Ph 2 (>=C\>H 4 ==CHCH===C(vH 4 ====CPh 2 (p,p'-Ws [diphenylrneth- 
enyl] stilbene), blue-violet. 

(X) (PhCGH4)2C=CHCH=GHCH=C(CGH4Ph)2 ( 1,1,6, 6-Tetrabi- 
phenylhexatriene), deep egg yellow. 


Compounds (\T) to (IX) inclusive constitute a series in which 
increjise in the length of the polyene chain betwetm the Ph-jC' groups 
results in a shift of the light absorption toward the longer wave lengths 
and a great increase in sensitivity to oxygen. This deepening of color 
is postulated iis due to a greater loosening of the valence electrons. 

Compounds (I) to (V) inclusive were prepared, therefore, for an 
analogous comparison, and similar color changes were observed, together 
with a greatly increased stability to oxygen. 

Of these compounds, (III) was sjmthesized as follows: 


CHCH 2 COOR 

II 

CHCH2C00R 

CHCH=CPh2 

II 

CHCH=CPh2 


+ PhLi 
^ 


CHCH2C(OH)Ph2 

II 

CHCH2C(OH)Ph2 


+ MeOH 

5 

•fHCl 


(III) 


4- catalytic Ht 
> 


CH2CH2CHPh2 

CH2CH2CHPh2 


The analogous tetrabiphenyl derivative (X), prepared similarly, 
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possessed a deeper egg yellow color and a stronger greenish yellow 
fluorescence than (III) and, like it, was indifferent to oxygen. 

Pursuing the Kuhn and Winterstein process (p. 1210), compound 
(IV) was synthesized from Ph2C=CHCHO, succinic anhydride, lead 
oxide, and acetic anhydride; and, by replacing the succinic anhydride 
with dihydroinuconic acid, compound (V) was similarly prepared. 

Synthesis of Polyene Carboxylic Acids. Octatrienic (I), and deca- 
tetraenic (II) acids, have been synthesized by Kuhn and Hoffer,^^®'^^® 
by the following steps: 

(a) CH3CH==CHCH0 + CH3CHO -> 

CH3CH=CHCH=CHCH0 + CH2(C00H)2 

+ decarboxylation — > 
CH3CH=CHCH=CHCH=CHC00H (I) 

(6) CH3CH=CHCH=CIICII0 + CH3CHO 

CH3CH=CHCH=CHCII=CHCH0 + CH2(C00H)2 

+ decarboxylation — > 

CH3CH=CHCH=CHCH=CHCH=CHC00H (II) 

By condensing polyene aldehydes with pyruvic acid, Fischer and 
Wiedemann obtained the corresponding alpha-keto polyene acids. 
CH3(CH=CH)nCHO + CH3COCOOH CH3(CH=CH).C()C()0H 
When n was 1, the product was a bright yellow; with n == 2, it was an 
Indian yellow; and with n = 3, it was orange red. By oxidation with 
silver oxide, these keto acids were converted into the corresponding 
polyene carboxylic acids, CH3(CH=CTI)nC()()H. 

The polyene a/p/ia, omega-dibasic acids have been prepared by 
Kuhn and Grundmann, through these steps: 

R00CCH=CHCH3 + (C00R)2 + EtOK 
R00CCH=CHCH2C0C()0R + AC2O 
ROOCCH=CIICH=C(OAc)COOIl + AUHg) 
ROOCCH2 CH=CHCH(OAc)COOR + KOH 

(I) HOOCCH=CHCH=CHCO()H (Muconic acid) 

In a similar manner, from ethyl oxalate and the appropriate 
Me(CH=CH)nCOOR, the following acids were .secured: 

(II) HOOCCH=CMeCH=CHCOOH(gamma.AIcthylmuconic acid). 

(Ill) H00C(CH=CH)3C00H (Hexatriene.l,6.dicarboxylic acid), 
colorless. 

Kuhn and HoflFer, Her., 63 , 21C4 (19.^0). 

Kuhn and Hoffer, Ber., 66 , 661 (1932). 
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(IV) HOOCCH==CHCH=CMeCH=CHCOOH (3-Methylhexatriene- 

1,6-dicarboxylic acid). 

(V) HOOC (CH=CH)4C00H (Octatetraene- 1 ,8-dicar boxylic acid) , 
chrome yellow. 

(VI) H00C(CH=CH)5C00H (Decapentaene- 1,1 0-dicar boxylic acid), 
orange yellow. 

When (III) was reduced with sodium amalgam, a 1,6 addition occurred, 
with production of the colorless acid HOOCCH 2 (CH=CH) 2 CH 2 COOH, 
whose structure was established by condensing it with two moles of 
PhCH=CHCHO to Ph(CH=CH)GPh (p. 1210). The chrome yellow 

(V) , subj(‘cted to a like reduction, yieldc^d the analogous colorless 
acid, H()()CCH 2 (CH==<:^ 

Synthesis of Squalene and of Phytol. Since both squalene 
241. 242. 243 phytol arc of importance in a study of the relation of 
tlie carotenoids to other chisses of compounds of biochemical interest, 
the s>Titheses by which their constitutions were established are given 
briefly here. 

(a) Squalene was prepared by Karrer and Helfenstein^^^ b}^ the 
action of metallic potassium or rnfignesium upon farnesyl bromide: 

Me2C>=CHCH2CH2CMe=CHCH2CH2C^Ie====CHCH20H + PBrs 
Me2C=CHCH2CH2CMe=CHCH2CH2CMe=(:HCH2Br + Mg -> 
Me2C=CH(CH2)2CMe=CH(CH2)2C^Ie=CHCH2 

‘ (Squalene) 

Me2C=CH(CH2)3CMe=CH(CH2)2CMe=CHCH2 

(5) Phytol, Fischer and L()wenlxTg‘‘*^ ‘‘*^ confirmed the struc- 
tural formula proposed for phytol by its synthesis from hexahydro- 
pseudoionone as initial material. In the following formulas, that por- 
tion of the hexahydropseudoionone to the left of the vertical arrow is 
represented by R. 


^ U. S, pivt. 1,961,683, Bunhviry, Sexton, and Stewart (to Imj>erial Chemical Indus- 
tries, Ltd.) (June 5. 1984); [C. A„ tS, 4929 (1984d- 

*** Brit. pat. 345,734, Imi>erial Chemical Industries, Ltd. (Jan. 22, 1930); [C. .4., J6, 
1944 (1932)1. 

*** Fr. pat. 709,862, Imperial Chemical Industries, Ltd. (Jan. 22. 1931); [C. A., 26 , 
995 (1932) j. Dye. Halogen derivatives of squalene -f* phenols 4 AlCli = phenols 
which can lx? uscxl as couplers for aso dyes. 

Ger. pat. 539,271, Imperial Choraioal Industries, Ltd., Bunbur>" and Sexton (Jan. 
21, 1931); IC. A. * 6 . 1944 (1932)). 

Karrer and Helfenstein, Heir. Chim. AUa, 14 , 78 (1931). 

Fischer and Ixiwentx'rg, Ann., 464 . 69 (1928). 

Fischer and Ldwonborg, Ann., 476 , 183 (1929). 
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Me2CH(CH2)3CHMe(CH2)3 i COMe + C2H2 + NaNH2 

+Ha 4-AC20 

RCMe(OH)C^CH RCMe(OH)CH=CH2 > 

RCMe=CHCH20H RCMe=CHCH2Br + NaCH(Ac)COOR-^ 

-f-Hj “f* NftNHa 

RCMe=CH(CH2)2COMe > RCHMe(CH2)3COMe > 


RCHMe(CH2)3CMe(OH)C=CH 


“I” AcaO 


RCHMe(CH2)3CMe(OH)CH=CH2 

RCHMe(CH2)3CMe=CHCH20H (Phytol) 


THE RELATION OF CAROTENOIDS TO OTHER 
CLASSES OF COMPOUNDS 

Relation to the Terpenes (p. 6). Like the terpenes, the carotenoids 
are generally regarded as built up of isoprene (CsHs) units, for the most 
widely distributed members of each class possess molecular formulas in 
which the carbon is some simple multiple of 6. Thus, there are the 
hemiterpenes (CsHs), simple terpenes (CioHio), sesquiterpenes (C 15 H 24 ), 
diterpenes (C20H32), etc., in the terpene class; and, in the carotenoids, 
the C 20 (crocetin), C25 (bixin), and C40 (carotenes, xanthophylls, etc.) 
groups. 

The common carotenoids of the C 40 group may be looked upon as 
tetraterpenes so extensively dehydrogenated, with formation of long 
chains of chromophoric conjugated double bonds, that their absorption 
bands have been pushed far over into the visible region of the spectrum. 

One of the most direct, and certainly one of the most interesting, 
lines of connection between the two groups, is that between the ionones 
and the carotenes. It has been known for many years that carotene, 
on long standing in the air, exhales a strong violet odor, and that its 
oxidation products (p. 1193) are similar to those obtained from ionone. 
Further, evidence has already been given (p. 1164) that lycopene is an 
aliphatic C 40 H 5 G carotenoid, that in gramma-carotene one end of the 
chain is closed to an ionone cycle, and that in alpha- and 6e^a-carotene 
both ends are similarly cyclized to either an alpha- or a beta-ionone 
nucleus. The close analogy to the behavior of pseudoionone, alpha-, and 
beta-ionones, is immediately apparent. Just as pseudoionone closes to 
both alpha- and beta- ionones, so natural carotene is usually a mixture 
of both alpha- and hefa-carotene. A common occurrence in the terpene 
field, particularly under biochemical influences, is the opening and 
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closing of the cycle with formation of various isomers, which are there- 
fore often found closely associated in nature. 

As Kuhn and Brockmann observe,^ the ease with which the cyclo- 
pentene ring is formed from 1,6-diketones by the action of alkalies, and 
the readiness with which cyclization takes place even in the carotenoid 
group, suggests the probability that jasmone 


CUiCf 

I >CCH2CH=CHEt 
CHoCf 

^Me 

Jasmone 


Is produced in the plant similarly from a 1,4-diketone, in which the 
methylene group in position 5 brings about the condensation. 

The sesquiterpene alcohol, farnesol, C15H25OH, one of the beautiful 
perfume constituents of orange, acacia, and cananga flowers, as well as 
of ambrette seed, carries a tenninal group which bears a striking struc- 
tural resemblance to that present in squalene and in lycopene. These 
connections will appear on examining the graphic formulas as given on 
pp. 1154 and 1213. 

Reverting to one of the characteristics of the carotenoids, viz., the 
so-called reversal of the isoprene sequence in the middle of the principal 
chain, with formation of a — CMe=MI'HCH===<?HCH==CIVIe — group, it 
may be pointed out that this is not peculiar to the polyene pigments, as 
witnessed by the existence of this same group in squalene, CaoHso, a 
triterpene of shark-liver oil. 

A glance at this squalene formula will show also that, by the removal 
of one H from each of the CH 2 groups, a polyene pigment should result 
carrying a sequence of 11 conjugated double bonds. 

Relation to Vitamins A and C. The close connection between beta- 
carotene and vitamin A has been discussed on pp. 1167 and 1198. 

So far as vitamin C (p. 1503) is concerned, it has been reported by 
Giroud and his collaborators^**^ that fruits containing carotenoid pig- 
ments are rich in \itamin C, while those otherwise colored contain but 
little of it; that vitamin C generally accompanies chlorophyll; and that, 
in the ripening of certain fruits, as the chlorophyll disappears, the 
carotenoid and vitamin C increase. 

Relation to the Sterols (p. 1262). The connection between the carote- 
noids and the sterols is still obscure, but the two are commonly found 

Qiroud, RataimamanKa. Leblond, Chalopin, and Rabinowica, Bull. «oe. chim. WaZ., 
la. 673 (1036); WUlataedt, Skand. XnA. Pkytiol., 75. 155 (1930). 
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associated in many natural products, especially in the unsaponifiable 
portion of fats, and most of the polyene pigments, as well as the sterols, 
are characterized by the presence of hydroaromatic cycles (ionones or 
hydrophenanthrenes) . 

Of the various attempts which have been made^^®’ 2 50,2 51.2 5 2. 2 53 
to show graphically how cholesterol might be formed from polyterpenoid 
hydrocarbons, two are depicted on p. 1217. 

Relation to Waxes, Fats, and Lipids. In discussing the occurrence 
in nature of the carotenoids, it was mentioned that they are found either 
free or combined (as esters, glycosides (p. 1454), or chromoprotids) , 
and usually in colloidal solution in the lipids. 

The carotenoid alcohols thus function in much the same way as 
other alcohols in the formation of fats and waxes. Like common fats 
which can be technically hardened, these pigment w^axes can be cata- 
lytically hydrogenated smoothly to colorless products which closely 
resemble ordinary fats and waxes. 

The living cell thus builds up (1) ordinary fats and waxes, sterol 
esters, lecithins, etc., from colorless alcohols and colorless acids; 
(2) carotenoids, chlorophyll, etc., from colored (polyene) acids (crocetin, 
etc.) and colorless alcohols (methanol, ph^lol, etc.); and (3) carotenoid 
pigment waxes from colored polyene alcohols and colorless acids. 
Further, it is quite probable that there tvill be discovered also in nature 
some pigment waxes in which polyene alcohols are esterified with polyene 
acids for the biogenetic process(‘s of nature often result in the esterifica- 
tion of an alcohol with its corresponding acid. 

It is interesting to note that, in these biosyntheses, the same aliphatic 
acid may be esterified either with a saturated alcohol to form a colorless 
wax, or with a polyene alcohol to form a pigment wax. Where the two 
are found associated in the same plant, their genetic relation is still 
obscure. 

Relation to Albuminates. Whereas in the plant kingdom the carote- 
noids are combined usually as esters and occasionally as glycosides, in 
the animal kingdom they are often found united with albumin, par- 
ticularly in the Crustacea and other marine animals, W'hcre it has been 
suggested that the polyene may play a role resembling that of the hemin 
in hemoglobin. By acid hydrolysis, the carotenoid can be set free from 


Basu, Biochem. Z., 274 , 4 (1934). 

Vangholovici, J. Soc. Chem. Ind., 53 , 998 (1934). 
Robinson, ibid., 53 , 1062 (1934). 

Bryant, Chemistry <& Industry, 54 , 907 (1935). 
Bryant, ibid., 54 , 1082 (1935). 

*** Spring, J. Soc. Chem. Ind., 54 , 973 (1935). 
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such combinations. The physiological function of these compounds in 
the animal organism is still unknown. 

Relation to Flavins. Another class of natural pigments which, like 
the carotenoids, appear to be essential to animal life, are the so-called 
** flavins,’^ or lyochromes,'^ of which the lactoflavin appears to be 
identical with vitamin B 2 (p. 1013). 

Kuhn has called attention to the interesting way in which the prop- 
erties of these two classes of pigments are mutually complementary: 


Carotenoid Flavin 

Composition Non-nitrogenous N itrogenous 

In water Insoluble Soluble 

To acids Unstable Stable 

To alkalies Stable Unstable 

To oxidizing agents Unstable Stable 

Related to Vitamin A Vitamin Bi 


Further, the effective daily dose, as measured by the growth of rats, 
is the same (5 gamma) for lactoflavin as for carotene. 

Whether or not these t\\ o classes are biogenetically related in some 
way has not been discovered. 
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THE CYCLOPENTANOPERHYDROPHENANTHRENE OR STEROID GROUP • 

Introduction 

Among the substances found in nature is a family of compounds 
derived from the hydrocarbon cyclopentanoperhydrophenanthrene. 
All the natural compounds are oxygenated, alkyl-substituted derivatives 
of this parent hydrocarbon, and have the ring system given in structure 
I.f The recognized members of the group are the sterols, the bile acids, 
the aglucons of the cardiac glycosides, the genins of the toad poisons, 



I Rinj? syatem of the ateroid group. 

(R, R' and R" indicate aliphatic aide chaina.) 

♦Of these two designations, “cyclopentanoperhydrophenanthrene’" is the more 
precise and “steroid” the more convenient. The term "steroid” (like the sterols) was 
suggested in 1936 by Callow and is being widely adopted. Prior to this suggestion, 
Rosenheim had proposed that the group be named the “cholane” group but this term 
never gained wide usage. The chief objection against "cholane” as a group name is that 
cholane is the hydrocarbon obtained from cholanic acid (XLIII, p. 1244) by replacement 
of the carboxyl with methyl, and thus all the compounds are referred to a hydrocarbon 
in which the Qn side chain is intermediate in length. 

In the preparation of this review, the literature up to Septeml^er, 1937, has been 
considered. The growth of the field is so rapid, however, that any review is soon some* 
what out-of-date. It may be noted here that the entire field has l>een admirably reviewed 
in monographs by Fieser, and by Lettr6 and InbofTen, both of which were published early 
in 1936. Fieser later published an appendix to his monograph and summarised the work 
that appeared in 1936. Citations from these books will bo made by giving the author’s 
name followed by the page or chapter reference. These and other monographs are 
reviewed at the end of this chapter. 

t The method of numbering the ring system and the substituent side chains is illus- 
trated in formulas 1 and II. The system of numbering is irrational and was adopted to 
permit an easy transition from the old formulations, illustrated in lla and Ilia, to the 
new structures. 
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the sapogenins of the digitalis saponins, the sex hormones, certain 
adrenal substances, and a few other compounds which are not easily 
classified. The outstanding chemical characteristics of the several 
members, together with their principal sources, are summarized in 
Table I. 

Variations within the group include changes (1) in the nature of 
the side chains, R, R', R"; (2) in the spatial configuration of the 
nucleus and its substituent groups; (3) in the number and position 
of the hydroxyl groups; and (4) in the degree and position of unsatura- 
tion. As is shown in Table I, the nature of the side chain, R", changes 
markedly, w’hile R' is always a methyl group, and R, when present, 
represents either a methyl group, an oxidation product of one, or 
hydrogen. Since the nucleus is alicyclic, sb^reoisomeric modifications 
(p. 244) of the type exhibitf‘d by the decalins occur. Actually the muta- 
tions in nuclear spatial configuration are few, since the relationship of 
rings B/C and C/D app('ars to be the stable ti'ans arrangement in most 
of the know^n compounds. The relationship of rings A ■ B is variable, and, 
through usage, those compounds w^hich have the tram configuration 
are designated as ai/o-structures. Although groups R and R' may be 
attachfxl so that they project either into or out from the plane of the 
paptT, they are usually iussurned to be projecting out from the paper. 
Since these group^s are generally methyl radicals and are attached at an 
angle to a carbon atom shaix^d by two rings, they are referred to as the 
angular methyl groups. 

Most of the members of the cyclopentanoperhydrophenanthrene 
group have an hydroxyl group attached at C3, and many are oxygenated 
elsewhere. These hydroxyl groups may be attached either cis or tram 
to any given reference point.* There is some variance in the choice of 
point of reference, but in this chapter the spatial configuration will 
be referred to the nearest angular methyl group. To indicate the differ- 
ence in configuration, a solid line will be used for groupings that may be 
regarded as projecting out from or lying in the plane of the paper, a 
dotted line for groups projecting into the plane of the paper. The dif- 
ference in configuration of the C3— OH group is described by a number 
of prefixes. In the sterol series, those C3 — OH groups that are different 
from the normal are designated as epf-configurations; in the bile acids 
one position is called the a-type, the other the /S-type. On relating 
these designations, the normal and /3-type are m, while the epi and 
a-type are tranSj to the reference point, Cio — CH3. 

Generalizations as to the position and degree of unsaturation cannot 


♦ See note, p. 1266 . 
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Toad poisons Unsaturafed hydroxy -CH, (?) -CH, CH==CH— 0=0 Parotid secretion 

..ri L»- 4 =-Ch4 ® 



Side Chains Attachetl to Ring System (I) 
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♦ A furan ring is formed with the nucleus at ('] 
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be made. The members of the group exhibit varying degrees of 
unsaturation ^ but in no instance, among the natural compounds, is the 
entire ring system aromatic. 

The chemical study of any group of natural compounds ' passes 
through three stages: isolation, constitutional investigation, and syn- 
thesis. In the members of the cyclopentanoperhydrophenanthrene 
group, the last stage has not been realized. Serious handicaps often 
had to be overcome in the course of isolation, for where the substances 
were abundantly present in nature, mixtures of closely allied compounds 
were frequently encountered. Because of the size of the molecules, the 
usual methods of characterization did not always lead to satisfactory 
conclusions, and, in many instances, new physical and biochemical 
methods were necessary for precise definition. The hormones and the 
adrenal substances presented further difficulties, since only microscopic 
amounts were available for study. Because of these difficulties, micro- 
chemical methods have played a large part in the development of the 
chemistry of this group. Naturally, this need of microchemical methods 
stimulated their development. Pregl, for example, became interested in 
microanalysis through the otudy of the bile acids. In one extended 
oxidative degradation he obtained so little product that it seemed easier 
to develop methods for microanalysis than to repeat the transformation 
on a larger scale. ^ 

The sterols were the first of this group of compounds to be well 
investigated. Cholesterol, the principal sterol, has be(m known since 
1788, when it was df'scribed by Poull(‘tier. ^ The cardiac glycosides 
and the toad poisons are in a sense even older than the sterols, since 
their employment in medicine and as poisons extends into antiquity. 
The rational use of these cardiac principles in medicine, however, dates 
from 1785, the time of the publication of Withering’s''* investigations 
on digitalis (foxglove). Chemical investigations began in 1841 with 
the isolation of a potent principle from digitalis the work of impor- 
tance started at the turn of the century. The bile acids were first isolated 
by Strecker^ in 1848, and, after some desultory work, have Ix^en actively 
investigated by a large number of workers since 1885. 1'he digitalis 
saponins have been employed in crude form for centuries; the chemical 
work parallels that of the cardiac glycosides. The first sex hormone, 

^ Lieb, Mikrochemie, 1, 63 (1923). 

* Bills, Physiol. Hev., 15, 1 (1935). Actually cholesterol was probably discovered on* 
1760. 

* Withering, “An Account of the Foxglove and Some of its Medical lTses,“ Robinson* 
London (1785). Cf. Straub, Miinch. med. Wochschr., 65, 88H (1935). 

< HomoUe and Quevenne, Arch, physiol, therap. Hygiene (Bouchardat), Jan. 1854, p. 1. 

*StliBcker, Ann., 67, 29 (1848). 
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estrone,’*' was isolated by Doisy in 1929. Since then the structures of 
most of the natural sex hormones have been established, and a number of 
artificial ” stix hormones have been prepared. The adrenal substances 
are not at the stage where established structures may be assigned to the 
several products obtained from adrenal extracts, but there are indica- 
tions that this goal will soon be reached. 

Although constitutional investigation began with the isolation of 
the various members of the group, the final phase of this work com- 
menced in 1901 when Windaus (Gottingen) began his classical study of 
cholesterol, culminating in 1932 with a satisfactory structure for this 
important sterol. During this period and later, notable contributions to 
sterol chemistry were made by Diels (Kiel), Femholz (Gottingen, later 
at Princeton in collalx)ration with Wallis), Heilbron (Manchester), 
Rosenheim (London), Schoenheimer (Columbia University), and a 
number of younger investigators at GtHtingen — especially Lettr6 and 
Inhoffen. Other workers who have contributed to sterol and vitamin D 
chemistry are Anderson (Yale), Bergmann (Yale), Bills (Mead Johnson, 
Evansville), Callow (D)ndon), and Rcundel (Wiehenstephan-Munich). 
Paralleling and supplenumting this work on the sterols were the investiga- 
tions on the bile acids by Wieland (Munich), particularly with E. Dane, 
Borsche (Frankfort), Schenck (I-eipzig), Windaus, and the Japanese 
investigators Shimizu and Yamasaki (Okayama). The chemistry of 
the cardiac aglucons has been developc^d by Jacobs (Rockefeller 
Institute), (^specially in collaboration with Elderfield, and to an equal 
degr(»e by I'schc'sche (Gdttingim). Much of the earlier work in this 
field wjis done by Kiliani (Freiburg) and Windaus, and certain special 
phases have Ikmui studied by Stoll (Sandoz, Basel). Wieland has 
b(‘en the chief worker in the field of the toad poisons, although within 
the hist few years notable contributions have come from Chen (Eli Lilly, 
Indianapolis), Jensen (Johns Hopkins), Kondo and Ikawa (Tokyo), and 
Tschesche. The digitalis sapogenins have been studied by Tschesche, 
and Jacobs and Simpson, although the earlier work is due to Kiliani and 
Windaus, Noller (Stanford) has also made a number of contributions. 
In the field of the sex honnone'S, the work of Butenandt (Gottingen, 
Danzig, and Berlin) and Ruzicka (Zurich) predominates. Other impor- 
tant workers are Cook (London), Dirscherl (I^x^hringer, Mannheim- 
Waldhof), Doisy (St. Louis), Girard (Paris), Marker (Pennsylvania State 
College), Marrian (Toronto), and Wintersteiner (Columbia University), 
often in collaboration with Schwenk (Schering Corp., Bloomfield). 
Investigations leading to the isolation and characterization of the 

* Estrone is frequently spelled oestrone.” In this discussion simpliSed spelling has 
been adopted wherever possible. 
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adrenal hormone cortin are in progress by Reichstein (Zurich), by 
Kendall and co-workers (Mayo Foundation), and by Wintersteiner and 
Pfiffner (Columbia University). Numerous other workers have partici- 
pated in the development of the field; they will be mentioned in con- 
nection with their individual contributions. 

Up to the year 1932 the structural investigations were concerned pri- 
marily with the nature of the nucleus. The study of this problem was 
carried out with the readily available cholesterol (II) ; with the common 
bile acids, cholic (III), desoxycholic, and a-hyodesoxycholic ; and, to 
some extent, with the less common lithocholic and chenodesoxycholic 
acids. The early investigation of cholesterol, C 27 H 4 (> 0 , characterized it 
as a monohydric secondary alcohol, containing one double bond and an 
isooctyl side chain. Similarly, the bile acids were recognized as hydroxy 
derivatives of cholanic acid, C24H40O2, which, in turn, could be 
shown to contain the same nucleus as cholesterol, and a side chain, 
CH3 

I 

— CH — CH2 — CH2 — CO2H. After allowing for the demands of the 



II Cholesterol 
(Cs—oii cis to c,o— cn,) 



(3,7, 12-Trihydroxy cholanic acid) 

Cj — OH and C 7 — OH trann to Cjo — CHj 
Spatial position of C 12 — OH uncertain 
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side chains, it was evident that the nucleus was hydroaromatic in 
nature, and apparently made up of four condensed rings. Owing to 
the lack of hetero atoms, the nature of the nucleus had to be examined 
by the methods of oxidative degradation and dehydrogenation. 

In 1928 Windaus^^ and Wieland^ reviewed in Nobel Prize addresses 
the results of their investigations on the sterols and the bile acids. 
The structures of cholesterol (Ila) and cholic acid (Ilia) which they 
discussed had been evolved by a study of the products of oxidative 
degradation, and seemed established in all details save for the attach- 
ment of carbon atoms 15 and 16. These ^vere assumed to be present 
as an ethyl group at Cio. Subsequent attempts by Wieland® to prove 



the iK)sition of the ethyl group led to the startling conclusion that 
there was no such grouping attached to ring IV of structures Ila and 
Ilia at the point in question. The two carbon atoms accordingly 
became “ obdachlos (homeless), and later investigation was concerned 
largely with attempts to place them in the ring nucleus. Wieland^ and 
Porsche*^ both suggested structures in which the group CH;i — CH< 
was inserted in ring III, but the resulting seven-mem bered ring struc- 
tures were never entirely acceptable. 

A few years later Rosenheim and King*^ called attention to a 
neglected piece of evidence— the formation of chrj’^sene as the product 
of dehydrogenation of cholesterol and cholic acid. On the basis of this 
fact, and of the x-ray measurements of ergosterol and calciferol by 
Bernal, it was suggested that the ring nucleus of the sterols and the 
bile acids was pc^rhydrochrysene. Study of the evidence in the light 

® Windaiis, “Lo Prix Notx'l,” Stockholm (1928). 

^ Wieliiml, “Lo Prix Nolnd/' Stockholm (1928). 

« Wielumi and Vooke, Z, jAysid, Chem., 191 . 69 (1930). 

• Wioland and Deulofeu, iWd., 198 , 127 (1931). 

*®Bor»che and Todd, iind.. 197 , 173 (1931). 

'' Hoaenhoim and King, /. Soc, Chem. Ind., 81 , 464 (1932). 

Bernal, Nature, 119 , 277 (1932) : J. Sor. Chem. Ind., 61 , 466 (1932) ; for summary see 
“ Ann. Repts. Chem. Soc. (London),’* Vol. 30, p. 423 (1933). 
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of this suggestion led both Rosenheim and King^^ and Wieland and 
Dane^^ to modify the perhydrochrysene to a cyclopentanoperhydro- 
phenanthrene nucleus. This new structure for the sterols and bile 
acids was immediately compatible with the vast amount of experimental 
material which had been accumulated, and it has been tested in numer- 
ous ways since its proposal. 

With the investigations of the sterols and the bile acids as a back- 
ground, the structural examination of most of the other members of the 
group has been conducted to a satisfactory conclusion with rapidity. 
Although in many instances only small amounts of these natural products 
were available for study, degradation to mutually common compounds 
has been carried out in nearly all cases. As a structural study, the first 
interest is the nucleus. With the establishment of the nature of this 
ring system, organized study of its chemistry may be begun. 

The Structure of the Nucleus* 

As was suggested above, the structural investigation of the nucleus 
has been carried out exclusi’^'f'ly with the sterols and the bile acids. The 
early investigators felt that the nucleus was identical in these two 
series, but proof was first offered by Windaus and confirmed by Wieland. 
With the establishment of this fact, evidence obtained from the study of 
cholesterol could be applied to the bile acids, and vice versa. Then 
followed a period of intensive work, in which the several rings were 
opened, and the products studied by thermal decomposition. This path 
led to a false solution, however, and it was selenium dehydrogenation 
which finally furnished the essential clue. 

When selenium dehydrogenation of cholesterol is carried out at 
360®, one of the products is a hydrocarbon, CihHig (IV, Diels’ hydro- 
carbon). Early in 1934 the structure of this hydrocarbon was definitely 
established as 3'-methyl-l,2-cyclopentenophenanthrene (or y-methyl- 
cyclopentenophenanthrene), but because of the drastic conditions of 
selenium dehydrogenation, together with the very poor yield of product, 
the formation of a cyclopentenophenanthrene is not good proof of a 
cyclopentanoperhydrophenanthrene nucleus. Although selenium dehy- 

“ Rosenheim and King, Nature, 130, 315 (1932); J. Soc. Chem. Ind., 61, 954 (1932) ; 6S, 
299 (1933). 

Wieland and Dane, Z. physiol. Chem., 210, 268 (1932). 

* Reviews reconciling the older work with the new structure: IVindaus, Z. physiol. 
Chem.f 213, 147 (1932); Heilbron, Simpson, and Spring, J. Chem. Soc., 626 (1933); 
Roflonlioini and King, “ Ann. Rev. Biochem.,” Ill, 87 (1934). Reviews giving an interest- 
ing running account of the developments are to be found in the “Ann. Repts. Chem. Soc. 
(London)/' Vol. 24, p. 128 (1927); Vol. 25, p. 157 (1928); Vol. 28. p. 139 (1931); Vol. 30, 
p. 198 (1933). 
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drogenation of a hydrocarbon derived from certain of the bile acids to 
methylcholanthrene in relatively good yield furnishes confirmatory 
evidence of the structure of the nucleus, the real proof comes from a 
reinterpretation and further investigation of the oxidative degradation 
of cholesterol and the bile acids. Much of the evidence used in estab- 
lishing the nature of the nucleus may also be employed in determining 
other structural details. 



1 V 3 M ethyl - 1 , 2-cy cl or>en ten ophenan threne 
(DieU' hydrocarbon) 


Evidence of a Common Nucleus in the Sterols and Bile Acids. 

When cholesterol is catalytically hydrogenated at room temperature, 
dihydrocholesterol is formed; at 200®, and with nickel as a catalyst, the 
product is a mixture of dihydrocholesterol and two of its stereoisomers, 
epidihydrocholesterol and eptcoprosterol (and traces of coprosterol). 
Aft<»r resolving the mixture into its components, ep? coprosterol may be 
converted to coprostercjl. Ileduction of either of these through the 
stage of the chloride leads to the hydrocarbon coprostane. Similarly, 
from dihydrocholesterol and epfdihydrocholesterol, cholestane Ls 
obtained. Oxidation of coprostane and of its stereoisomer cholestane 
with hot chromic acid gives, among other products, cholanic acid and 
aZlacholanic acid, respectively. * ^ These two acids, the parent substances 
of the bile acid series, am be obtained by appropriate treatment of 
cholic acid or hyodi'soxycholic acid. Cholic acid, for example, readily 
loses wat(‘r when heated in high vacuum to give a triply unsaturated 
acid, cholatrienic acid, which by catalytic hydrogenation may be 
reduced to cholanic acid. The conversion of hyodesoxycholic acid to 
aZ/ocholanic acid is discussed under the heading Bile Acids. 

Conversely, cholanic acid may be converted, through the action of 
isopropylmagnesium bromide on its ester, to a ketone which on Clem- 
mensen reduction gives coprostane. * ^ The proof of the identity of the 
nuclei of the two series may be summarized as shown: 

« WindauB, Ber.» 49 . 1724 (1916). 

*• WtndauB and Neukirchen, Ber., fit, 1915 (1919). 

Wieland and Jacobi, Ber., 59 , 2064 (1926). 
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Dihydrocholesterol 

Reduction Cholestane 

CrO? 

Oxidation 

V 

Hyodesoxycholic acid 
^ C24H40O2 

A^/ocholanic acid 

C27H48O 

T 

Cholesterol 

C27H46O 

1 

F/ncoprosterol 

C27H48O 

Coprosterol 

C27H48O 

' C„H 48 

/ 

C24H40O1 

Reduction Coprostane 

CrOj 
Oxidation 
> 

Cholanic acid 

> * 

C27H48 

< 

isopropyl MgBr 
and 

reduction 

C 24 H 4 oOa 

■=Ti 


Cholic acid Vac. Diat, Cholatrienic acid 
C24H40O6 -3H2O ^ C 2 iH ,402 

Dehydrogenation Products. The initial oxjx'riments in which 
cholesterol and cholic acid were dehydrogenated were conducted by 
Diels. Using palladized charcoal at ca. 500 °, the identifiable product 
from cholesterol was chrysene, CisHi2. With cholest(‘ryl chloride at 
340 - 360 ° and with selenium in place of palladized charcoal, two hydro- 
carbons, CisHir, and ( 20H24, were obtained. The latter gave reactions 
suggestive of a fluorene nucleus, and was thought at the time to indicate 
that ring IV of the old cholesterol formula (I la) was five-rneinbered. 
After Rosenheim and King had pointed out thc‘ significance of chrysene, 
interest in the dehydrogenation product.s reviv(‘d, cemtering esp(*cially 
on the compound CihHjg. Since different workers could not tigree on 
the nature of this hydrocarbon, or even on the production of chrysene, 
a polemical situation develofX‘d which has led to a reasonably accurate 
knowledge of what happens under the dnistic conditions of selenium 
dehydrogenation. ^ ® 

Diels and Ruzicka^®-^ in particular have examined the nature 


Diels and Giidke, Ber., 60, 140 (1927); Diels, Giidke, and Kording, Ann., 469. 1 
(1927); Diels and Karstens, Ann., 478, 129 (1930). 

(a) Cook and Hewett, J. Soc. Chem. Ind., 62, 451 (1933); Ctxjk, Hewett, Mayneord, 
and Roe, J. Chem. Soc., 1727 (1934). (h) Diels, Rer., 66, 4S7, 1122 (1933); DieU and 

Klare, Ber., 67, 113 (1934); Diels and St.ephan, Ann., 627, 279 (1937). (c) Gamble, 

Kon, and Saunders, J. Chem. Soc., 044 (19,35). (d) Raudniti, Petrfi, and Btadler, J?er., 

66 , 879 (1933). (e) Rosenheim and King, J. Soc. Chem. Ind., 62, 299 (1933). (/) Hufteka, 

Goldberg, and Thomann. Heir. Chim. Acta, 16. 812 (1933) ; Riuicka. Thomann. Branden- 
berger, Furter, and Goldberg, ibid., 17, 200 (1934); Rujtieka and GoldVjerg, ibid,, 16 , 484 
(1986). (g) Sehlenk, Bergmann, and Bcrgmann, J. Soc. Chem, Ind,, 62 , 209 (1938). 
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of the products obtained by dehydrogenation. Cholesterol at 300 - 360 ° 
gives Diels^ hydrocarbon and another hydrocarbon, C25H24, which, 
though not identical with the hydrocarbon of structure V, seems to be 



closely allied with it.^^“ With the congeners of cholesterol, such as 
(Tgosterol and sitosterol, th(*r(‘ is a difT(*rence of opinion about the forma- 
tion of C25H24- Huzicka finds that hydrocarbons of a greater carbon 
cont(‘nt than C25 are produc(*d from these sterols, but Diels has been 
able to obtain only ('25H24, although he admits that there may be 
small amounts of otluT hydrocarbons fornu^d. Diffenuices in tempera- 
tun* may be the explanation of the discn'fxincies in the results of the two 
workers. In the* latest work of Diels the t(*m|K*rature of the dehydro- 
genatioas was clos('ly regulated 1>\' carr}’ing out th(* n*action in boiling 
acetanilide. The solution ()f tlie probl(*m of the products of dehydro- 
genation is rendered difficult l)y the fact that the yield of each hydro- 
carbon is l(*.ss than 1 [K‘r cent. 

Cholic acid (or its dtdiytlration product, cholatrienic acid), when 
subject(*d to sekuiium dehydrogenation, gi\es a variety of products, 
depending on the t(‘inperatur(‘ at which the dehydrogenation is con- 
ducted. At lower tem{K*ratun*s ( 360 °), Diels’ liydrocarbon and a second 
hydrocarlH)!!, which was first n'[)orted to Ik* C21H10, are fonned. Cook“^ 
8ugg(*sted that tlie composition of this second hydrocarbon might be 
C22HHy, rather than C21H1C, and has proviKl his tx)int by the synthesis 
of 5 -m(*thyl- 2 ',r-naphtho-l, 2 -fluor(*ne (VI), which agrees well with the 
product obtained by Ruzicka. At temperatures of 400 ° or higher, 
chiysene (ATI) and picene (VIII) are fonned. Ruzicka has suggested 
the following mechanism for their fonnation: Chrysene results from the 
union of the angular methyl group at C 13 with an opened ring D; picene 
from an analogous type of ring enlargement with simultaneous ring for- 
mation involving the side chain. 

Cook. D«ni!i. Hewett, Ihall, MajTieord. and Roe. /. Chenu Sac., 1319 (1935): Bach- 
n»ann, C'ook, Hewott, and Iball. ibid., 64 (1936). 
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The structure of Diels' hydrocarbon as 3'-methyl-l,2-cyclopenteno- 
phenanthrene, CigHie (IV), has been definitely established through 
two syntheses. By the first of these, 2-acetylphenanthrene is con- 





densed with bromoacetic ester, the product (IX) hydrolyzed, reduced^ 
and converted through the acid chloride to the cyclic ketone (X). 
Clemmensen reduction of the ketone gives Diels' hydrocarbon. In the 

»»Berginann and Hillemann, Bcr., 66, 1302 (1933); Hillcmann, Ber., 68 . 102 (1985); 
69 , 2610 (1936) ; cf. Diels and Rickert, Ber., 68, 325 (1935), 
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second synthesis, /3-(l-naphthyl)-ethylmagnesium bromide is reacted 
with 2,5-dimethylcyclopentanone to give an alcohol (XI) which after 
dehydration with phosphorus pentoxide is cyclized to yield the hydro- 
carbon, XII. Selenium dehydrogenation of XII gives 3 '-methyl- 1,2- 
cyclopen tenophenanthrene. Identification of the end product with the 



XI Xll 


sterol hydrocarbon had to be made by an elaborate series of physical 
measurtanents, as well as by means of the picrate and other addition 
products, Ix'cause the hydrocarbon does not give melting-point depres- 
sion when mixed with structurally similar compounds. Diels’ hydro- 
carbon lus obtained from sterols by dehydrogenation has a magnificent 
blue fluorescence, which is alxsent in the synthetic product. Both prepa- 
rations react with bromine to give a well-defined tribromide, and 
with nitrous acid to fonn an isonitroso compound of uncertain structure. 
The characterization of this hydrocarbon is of great importance, for its 
formation by selenium dehydrogenation serves as one of the most con- 
venient ways of discovering new members of the cyclojx^ntanoperhy- 
drophenanthrene group. 

The ring enlargement that takes place with selenium dehydrogenar 
tion at temperatures above 400° has attracted some interest. Model 

»* Harper, Kon, and Riiiicka, J. Chem. Soc,, 124 (1934). 

** Diela and Rickert, Ber„ 68 , 267 (1935). 
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experiments on the a- and /^-methyl- and ethyhhydrindenes show that 
they undergo ring enlargement to produce naphthalene or methylnaph- 
thalene at temperatures of 450°, but not at lower temperatures.^"^ The 
absence of ring enlargement at lower temperatures has been confirmed 
by other model experiments on several related hydrindenes. ^ ^ Diels' 
hydrocarbon, however, does not give chrysene when treated with 
selenium or palladium at 450°. 

Methylcholanthrene. The formation of Diels' hydrocarbon from 
the sterols and the bile acids suggests the nature of the nucleus, but 
the extremely poor yields obtained by d(‘hydrogenation weaken the 
proof that the nucleus is cyclopentanoperhydrophenanthrene. Two of 
the bile acids, however, can bc‘ converted to methylcholanthrene in 
relatively good yield. Since the structure of methylcholanthrene can 
be established by degradation and by synthesis, this transfonuation 
materially strengthens the proof of the nature of the nucleus. 

From cholic or desoxycholic acid, 12-ketocholanic acid (XIII) is 
obtained by methods which will b(‘ discussc’d later (p. 1248). I^rolysis 
of the ketocholanic acid gives the hydrocarbon dehydronorcholene 
(XIV), and selenium dehydrogenation of the latter to methylcholan- 
threne proceeds in a yield of 30 per cent.-^' On oxidati\'e degradation 
methylcholanthrene is converted to 5,6-dimethyl-l,2-benzanthraquinone 
(XVI), which, in turn, is characterizc^d by furthcT oxidation to 1,2, 5,6’ 
anthraquinonetetracarboxylic acid.^" In the synthesis of methyl- 
cholanthrene, a five-mernbered ring is fonued on />-broinotoluene, giving 
a bromomethylhydrindene. The Grignard (p. 417) compound (XVIII) 
from this hydrindene is then reactc'd with a-iiaphthoyl chloride* (XVII) 
to give a ketone (XIX) which on pyrolysis yields nudhylcholanthrene. 
By this transfonuation and synthesis, not only is the? presence; of a five- 
membered ring in appropriate senpience to three six-memlxTcd rings 
shown, but the attachment of the principal side chain of the bile acids 
at Cl 7 is also established. 

Relationship of the Hydroxyl Group and Double Bond in Cholesterol. 

The hydroxyl group and the double bond in c}iole\sterol (II) are the 
chief points of attack in its degradatiem. By examination of the oxidar- 
tion products these two functions have been found to be present in two 

** Ruzicka and Peycr, Hdv. Chim. Acta, 18, 076 (1935). 

Clemo and Dickon.son, J. Chem. Soc., 735 (1935); Chviang, Ma, and Tion, Ber„ 88 . 
1946 (1935). 

** Cook and Haslowood, J. Chem. Soc., 428 (1934). 

2^ Wleland and Wiodershoim, Z. physiol. Chtm., 186, 229 (1930) ; W^icland and Dane, 
tbid., 819, 240 (1933); Cook and IlaHlewood, J. Soc. Cfum. hid., 52. 768 (1933); Cook, 
Hewett, and Haslowood, ifnd., 52, 949 (1933). 

® Fieser and Seligman, J. Am. Chem, Soc., 57, 228, 842 (1935). 
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different rings in an a,7-8ystem, the hydroxyl group being located at 
C3 and the double bond at C5 : Co. The evidence follows: 

1. Nitration of cholesteryl acetate yields a nitrocholesteryl acetate 
in which the nitro group is presumably attached at Reduction 



XVII XIX XVI 

C-Naphtiioyl chloride 6,6- Dimethyl- 

1,2- benzanthraquinone 


of the nitro com[X)und with zinc and acetic acid yields, with elimination 
of the nitro grouj), cholestiinonol.**^^ Oxidation of the latter gives rise 
through the stages of cholestanedione (XXIIl) and a ketodicarboxylic 
acid to the tetracarl><)xylic acid XX, In tliis degradation, ring A is 
opened first and tluai ring B. By a somewhat diffeient procedure — 
conversion of cholestanonol to chlorocholestanone — ring B may be 

" Mauthner and Siiida, Monalsh., 16 . 85 (1894); « 4 . 648 (1903). 

» Windnua, Brr.. 36 . 3752 (1903). 

Windiiuaand v. SUiden. Bcr.. 64 . 1059 (1921). 
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opened first and then ring with either procedure the same tetra- 

carboxylic acid (XX) results. Assuming that no rearrangements occur, 
the above transformations indicate that the hydroxyl group and the 
double bond are contained in separate rings. 

2 . Oxidation of cholesterol by potassium permanganate, hydrogen 
peroxide, or perbenzoic acid yields two isomeric cholestanetriols, 
C27H48O3 (XXI), which on further oxidation give two isomeric hydroxy 
diketones, C27H44O3 (XXII). Dehydration and reduction convert 
both these ketones to the same cholestanedione (XXIII). The proper- 
ties of this dione are those of a 7-diketone. It reacts with hydrazine to 
form a pyridazine;^** the ketodicarboxylic acid formed from the diketone 
by oxidation is very stable and definitely not a / 3 -keto acid, since the 
corresponding hydroxy acid obtained by reduction of the carbonyl group 
readily lactonizes. ^ ^ These reactions show that the hydroxyl and double 
bond form an a,7-8ystem. 

3 . On heating cholesterol to 290 ® with copper oxide, cholestenone 
(XXIV) is formed.^® Better yields are obtained, however, by cold two- 
phase oxidation of cholesterol dibromide with pennanganate or chromic 
acid, followed by debromination with zinc^“ or sodium iodide.^®* 
Cholestenone has an absorption spectrum (maximum 240 m/i) which 
indicates that the carbonyl and double bond form a conjugated system. 
When cholestenone Ls oxidized with ozone or potassium pennanganate, 
two products result: an acid of composition C27H44D4 (XXV), and, 
as the principjil product, a keto acid, C2r»H44 03 (XXVI), formed with 
the loss of ciirlK)n dioxide. The production of these two acids is sat- 
isfactorily explained only if a structure with the carbonyl and the double 


^ Windftua and Htoin. Ber., 87 , 36W (1904). 

Windaua, Ber., 40 . 257 (HK)7); Pickard and Vatos. J. Chem, Soc., 98 , 1678 (1908); 
WoBtphalen, Ber., 48 . 1004 (1915); Criegt*e, Ber., 66 , 1770 (1932). 

WindauR, Ber., 39. 2249 (11K)6). 

WindauR and lioRMfeld. Z. phyttial. Chem., 146 . 177 (1925). 

** Dicln and Abderhalden, Ber., 87. 3092 (1904): Windaus. Ber., 39. 518 (UX)6). 

W'indauH, Ber., 89 , 518 (UKHl); Huzicka, Brtingger, Eichenberger, and Meyer, 
//</»'. Chim. Ada, 17 . 1407 (1934). 

Schoenheimer. J. Bid. ( hem., 110 , 401 (1935). 

* Even more satisfactory than them* methods is one that has been developotl by 
OpIMHiauer, Bee. trar. chim., 66 , 137 (1937). Cholesterol (or any steroid alcohol) when 
heated wdth a large excess of a ketone like acetone in the presence of an aluminum tertiary 
alkoxide is dehydrogenated to the corresponding ketone or its rearrangement product. 
If the reaction is carried out in benzene, yields of 80-90 i>er cent arc easily obt^iined, but 
in lower-l:K)iling solvents the results are not as favorable. The method is essentially the 
reverse of the Moerweiii [Ann., 444 , 221 (1925))- Ponndorf [An^elt^ Chem,, 39, 138 (1926)] 
method of reducing carlK>nyl groii|>s to carbinols, 

** Menschick, Page, and Bossert, Ann., 496 , 225 (1932); Mohler, Hdv, Chim. Acta, 20 , 
289 (1937). 

“ Leiti^. Z. pkyaid. Chem., 111 . 73 (1933). 
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bond in the same ring is assigned to cholestenone. ^ ^ It is evident, then, 
that cholestenone is formed from cholesterol by oxidation of the hydroxyl 
group to a carbonyl and a shift of the double bond from one ring to 
another. A rearrangement of the double bond attached to a carbon atom 
(Cs) common to both rings offers the simplest explanation of the trans- 
formation. 

4 . Reduction of the carbonyl group of the keto acid, C26H44O3 
(XXVI), by the Cleinmensen method gives the acid C26H4CO2 (XXVII). 
This acid may be degraded stepwise by a method (Barbier-Wieland 
degradation) that in effect counts the methylene groups following a car- 
boxyl group.* The steps involved are: 


R— CH 2 — COaEt R— CHa— C=(R02 - — ' ■ 


OH 

- 11,0 

R— C=C=(R')2 

I 

H 


Oi or 


R— CO 2 H 


CrO, 


By this means the acid XXVII after two degradations yields the acid 
C24H42O2 (XXVIII), which cannot be degraded further; thus, two 
methylene groups are diagnos(‘d. The product (XXVIII) yields carbon 
monoxide easily when heated with concentrated sulfuric acid, and fonns 
esters with difficulty; this indicates that the carboxyl group is 
attached to a quaternary carbon. Since tlie carboxyl group of the keto 
acid (XXVI) originated from the carbonyl of cholestenon(\ the jX)sition 
of the hydroxyl group of cholesterol is placed as Ixdng three carbons 
moved from this quaternary carbon, i.e., at C.i. 

The Size of Rings A and B. Th(? size of rings A and B has been 
determined by examination of the dicarboxylic acids produced by 
opening each ring separately. According to Blanc’s rule,** '^ when dicar- 
boxylic acids are heated with acetic anhydride and distilled, or simply 
distilled (thermal decomposition), ketones result from !,(>- or 1 , 7 -di car- 
boxy lie acids while 1 , 4 - and 1 , 5 -diacids produce anhydrides. 

Bonstedt, ibid., 214, 173 (1933); cf. reference 42. 

♦ This method of degradation was originally developed by Barhier and Loequin 
[Compt. rend., 156, 1443 fl913)] as a general process for degrading acids. It was later 
employed by Wieland, e.g. Wieland, Schlichting, and Jacobi, reference 49, but apparently 
without knowledge of Barbier’s earlier work. Although the method is usually referred to 
as the Wieland degradation, it seems more appropriate to designate it as the Barbier- 
Wieland degradation. 

**Tschesche, Ann., 498, 185 (1932). 

Blanc, BuU, aoc. chim., [3] 33, 893 (1906). 
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Dihydrocholesterol (XXIX), the product of catalytic hydrogenation 
of cholesterol at room temperature, is readily oxidized to a dicarboxylic 
acid, C27H46O4 (XXX). When subjected to thermal decomposition, 
the latter yields, with loss of water and carbon dioxide, a cyclic ketone, 
C2eH440 (XXXI). This ketone on oxidation gives rise to another 



XXXIII 

CholMteM 



6 

xxxiv XXXV 



dicarboxylic acid, C20H44O4 (XXXII), but from this diacid the acetic 
anhydride tn\atment produces an acid anhydride and not a ketone. 
Ring A, which Ls 0 [xmed in the oxidation, is clearly six-menibered. 

When the ring containing the double bond is opened in a similar 

‘♦Windaus and Dalmer, Ber., 52 , 162 (1919); Windaus, Rosenbach, and Riemann, 
Z. physiol, Chcm., 130 , 113 (1923). 
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manner, somewhat different results are obtained. Cholesterol is con- 
verted to cholestene (XXXIII) by reducing cholesteryl chloride with 
sodium and amyl alcohol. Nitration and reduction form a ketone, 
heterocholestanone (XXXIV), which, on oxidation, is converted into a 
dicarboxylic acid, C27H4GO4 (XXXV). But when this dicarboxylic acid 
is subjected to thermal decomposition, it forms an anhydride and not a 
ketone. The formation of the anhydride from the diacid was inter- 
preted for many years as proof that ring B was a five-membered ring 
(structure Ila, ring II). Reexamination of the situation has disclosed a 
number of loopholes. In the first place, it has been shown that sub- 
stituted adipic acids do not always behave as might be expected;^ ^ and, 
secondly, Stange^^ has found that the barium salt of the diacid (XXXV) 
does form a ketone. The discrepancy between fact and theory in this 
case has led Wieland and Dant‘ ‘ to modify Blanc's rule (pp. 16 , 1240 ) to 
apply only to those compounds in which the carboxyl groups an* attached 
to the same ring; for example, the dicarboxylic acids fonned by of)ening 
rings B and C (see structure I) would be expected to behave anomalously.* 
From another series of reactions supplementary evidence as to the 
nature of ring B may be obtained.**^ Oxidation of cholesterol with 
hypobromite converts it to an unsaturated dicarboxylic acid, C27H44O4 
(XXXVI, Diels' acid), which may be progressively oxidized through a 
keto diacid (XXXVII), a diketo triacid (XXXVIII), to a tricarboxylic 
acid, C25H42OC (XXXIX). When subjected to thennal decomposition 
the tricarboxylic acid loses carbon dioxide and water and fomis a keto- 
monocarboxylic acid, C24H4()03 (XL). Opening of the newly formed ring 
by oxidation gives a tricarboxylic acid, C24H4oO(> (XLI). This acid 
likewise forms a keto acid (XLII) when treated with acetic anhydride, 
thus demonstrating a 1 , 6 -dicarboxylic acid. Since in the transfonnation 
to the tricarboxylic acid, XLI, three carbon atoms are lost as carbon 
dioxide, and the end product can be converted to a keto acid, both rings 
A and B must have been six-membered. 

The Size of Ring D. Dehydration of any of the bile acids is readily 
effected by distillation in high vacuum. The resulting unsaturated 

** Windaus and Dalmer, reference 44; W’indaus, Ber., 53, 488 (1920). 

** Farmer and Kracovaki, J. Chem. Hoc., 080 (1927). Cf. Hill, J. Am. Chem. Hoc., 5t, 
4110 (1930). 

« Stange, Z. physiol. Chem., 218, 74 (1933). 

♦ A model research by Vocko [Ann., 608, 1 (1934)], corroborated by HUckel [Ann., 508, 
10 (1934)] as a note at end of Vocke’s article just cited, cairied out on hydrodiphenic acid 
does not bear out the modified rule, for in this case satisfactory ketone formation is ob- 
served. The spatial configuration of the carb<jxyl groups is f>erhapB the deciding factor 
[Rusicka, Furter, and Thomann, /feh. Chim. Acta, 18, 327 (1933)]. 

^ Diels and Abderhalden, Ber., 36, 3179 (1903); Windaus, Ber., 41, 611, 2658 (1908); 
42, 3770 (1909); 46. 1316, 2421 (1912). 
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acids may be catalytically hydrogenated to the i)arent cholanic acid 
(XLIII). By means of the Barbier-Wieland degradation and oxidation, 
cliolanic acid can Ixi degraded stepwise through the following stages: 
cholanic acid (C24) norcholanic acid (C'2:v) — ^ bisnorcliolanic acid 
(C22, XLIV") etiocholyl methyl ketone’^ (C21, XLV) — ► etiocholanic 
acid (C20, XLVI) etiocholanone (C19, XLVH) — > etiobilianic acid 
(Ci9, XLVIII, a dicarboxylic acid). These reactions demonstrate the 

Wif'land, Schlirhiinu, and Jacobi, Z. physioi. Chcm., 161 , 80 (1926). 

* Etiocholyl methyl ketone not obtained by Wieland by degradation but as a by- 
product from the oxidation mixtures of the previous 8tep)a. Bisnon holanic acids have 
U»en degnidod to etiocholyl methyl ketones by a. nunil>er of other workers, however. 
Por recent publications see Hhimisu and Kaiuno. Z. phy»iol. Chi'tn., 244 , 167 (19:^6), and 
Morsman, Steiger, and Reichstein, Hdv. Chim, Ada, 20 , 1 (1937). The data of Reirhstein 
show that 100 g. of cholic acid yields about 40 g. of norcholic acid and, by succeeding 
<iegradation, 10 g. of bisnorcholio acid and 1.5 g. of trihydroxyetiocholyl methyl 
ketone. 
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XLIII 

Cholanic acid 


XLIV 

Bianorcholanic acid 



Oxidation ^ 


XLVl 

Ktiocholanic acid 



Barbier- W ieiand ^ 
dcffradatlon 




Xl.VIlI 

Etiobilianic acid 


('H;, 


presence of aside chain, — (JH — CH2 — C'H2 — CX)2H, attached to a ring. 
The transformation of etiocholanone to etiobilianic acid without loss of 
carbon shows that this attachment is through a t(?rtiary carton, and that 
adjacent to the tertiary carbon there is a methylene group. Thermal 
decomposition of the end product of oxidation, etiobilianic acid, gives 
an acid anhydride and not a ketone. Sinctj the ring is opened without 
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loss of carbon, and with the production of an acid that behaves like 
glutaric acid, a five-membered ring is indicated. Because of the failure 
of Blanc’s rule, the formation of an anhydride is not adeciuate proof 
that ring D Is five-membered. But when the evidence from the dehy- 
drogenation experiments, particularly the formation of rnethylcholan- 
threne, is added to this degradation, the proof is convincing. 

The Degradation of Lithocholic Acid. When lithocholic acid 
(XLIX), 3-hydroxycholanic acid, is oxidized with nitric acid, the ring 
bearing the hydroxyl is opened with the production of two isomeric 
tricarlx)xylic acids, lithobilianic (L) and isolithobilianic acid (LI), formed 
by the rupture of bonds on different sides of the hydroxyl group. 
These two acids are identical with a pair fonned by stepwise oxidation 
of coprosterol. In the first step ring A is op(‘n(*d with the formation of 
two dicarboxylic acids, one of which is less soluble than the other. 
Further oxidation removes the isopropyl group of the isooctyl side chain, 
with the production of lithol)iIianicacid from the less soluble dicarboxylic 
acid and isolithobilianic acid from the other acid. "*^ As would be ex- 
pedited, thermal and oxidative degradation proceed through stages 
analogous to those described for chole.sterol (XXX\ I-XLII). The trans- 
formation is summarized in structures LII-LV. I'he end product, the 
tetracarboxylic acid, C" 2 iILri()H (LV), is identical with an acid obtained 
by Windaus"’- from tlie oxidation of the tricarbo.xylic acid XLI fonned 
in the degradation of cholesterol. Thennal decomposition of LV 
produces a pyroketodicarlx)xylic acid (LVI), thus showing the presence 
of an adipic acid system. This keto acid, when oxidized, passes through 
the stage of a malonic acid to a tricarboxylic acid (LVH) from which 
only an anhydride* can 1 h* fonned. The end product must contain a 
glutaric acid system, while the malonic acid from which it was fonned 
demonstrates a l)ranching of the chain. On inspection it Is apparent 
that the branching takes place at the ejuaternar)' carbon atom diagnosed 
in the degradation of cholestenone. Production of the ketodicarboxylic 
acid (lAT) constitutes further proof that ring B is si.x-inembered, for 
otherwise anhydride fonnation would occur. 

The Degradation of Desoxycholic Acid. Chromic acid oxidation 
in tlie cold of desoxycholic acid (LVHI) converts it to the corresponding 
diketo acid, dehydrodesoxycholic acid (LIX); further oxidation by 
m(*ans of nitric acid ojx^ns up one ring to form desoxybilianic acid, a 
ketotricarboxylic acid (LX), which by Wolff-Kishiier * reduction is con- 

Wieland and Weylnnd. Z, Chem., 110, 123 (1920). 

** Langer, ibid., 110. 189 (1933). Cf. Windaiis and Riemann. ifnd., 126, 277 (1923). 

** Wieland. Dane, and SchoU, ibid., til, 261 (1932). 

♦ Wolff-Kiiihner reduction : The reduction of a carlwnyl group to methylene by heatmg 
the hydrasone or aemicarlmaone with sodium ethylate in ethyl alcohol at ca. 180 (p. 554). 
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LI Isolithobilianic acid 





verted to lithobilianic acid (L). One of the hydroxyl groups of desoxy- 
cholic acid must, therefore, be attached at C3 as in lithocholic acid 
and cholesterol. If dehydrodesoxycholic acid (LIX) is treated with 

Wieland and Kuhlenkampff, ibid., 108 , 295 (1920). 
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XllI 12-Ketocbolanic acid LXl LXIl’ 






LXVJ 
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zinc and alcoholic hydrochloric acid, the carbonyl at C3 is reduced 
to methylene, with the formation of 12 -ketocholamc acid (XIII) which 
is resistant to nitric acid oxidation. By bromination and subsequent 
hydrolysis, an hydroxyl group may be introduced on a carbon adjacent 
to the carbonyl. The resulting hydroxy ketone is readily oxidized with 
loss of carbon to a ketodicarboxylic acid (LXIII). Repetition of this 
process gives rise to a ketotricarboxylic acid (LXVI) and finally to 
the acid C13H20O6 (LXVIII). '^''^ The other fragment (LXVII) has not 
been isolated. The structure of the important triacid, C13H20OG 
(LXVIII), follows from another oxidative procedure. 

The Structure of Acid CiaHsoOg. When desoxycholic acid is 
acted upon by a mixture of concentrated nitric and sulfuric acids (mixed 
acids) in the cold, it passes through the stage of a diketodicar boxy lie 
acid (LXIX) to give a tetral)asic acid, C16H24O8 (LXXI), and 1 , 3 , 3 - 
butanetricarboxylic acid (LXX) as a by-product. Thermal decomposi- 
tion of the tetrabasic acid (LXXI) gives in low yield a pyroketodicar- 
boxylic acid (LXXII) which on oxidation is converted through a 
malonic acid (LXXIII) to the acid C13H20OG. Clemmcmsen reduction 
(p. 553 ) of the pyro ketone (LXXII) transforms it into a dicarboxylic 
acid. The diester of this dicarboxylic acid reacts with phcmylmag- 
nesium bromide in such a way that but one ester group is con- 
verted to a carbinol. Barbic'r-Wieland degradation of the carbinol 
shows that the reacti\e carbethoxy group Is present in the side chain 
CH3 

I 

— CH — CH2 — CH2 — CO2H, found in desoxycholic acid.® This side 
chain must be present in the acid Ci3H2()Og, also. Since the side chain 
is known to be attached to a five-mernbered ring, and three carboxyl 
groups may be detected by titration, only the fragment — CH3 remains 
to be placed. That this fragment is a methyl group attached at C13 
follows from an ingenious argument of Wieland and Dane.^'"*'' 

The acid C13H20O0 (LXVIII) readily foniis an anhydride; saponifica- 
tion of the anhydride does not return the original acid, but an isomer 
which has a lower melting point and greater solubility. Evidently a 
rearrangement from a trans to a cis form occurs. But if LXVIII has a 
trans structure, then the acid C1GH24O8 (LXXI) must have a trans 
structure. The low yield of pyro ketone (LXXII) is thus accounted for, 
and an interesting question of isomerism is raised, for the ketone is evi- 
dently a decalin-like compound containing two cyclopentane rings in 

Wieland and Schlirhtinp:, ibid., 134 , 276 (1924); Wieland and Vocke, ibid., 177 , 68 
(1929). 

Wieland and Dane, ibid., 216 , 91 (1933). 
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the trans position. Such a system has not been investigated, but accord- 
ing to Hiickel^® the cis form should be strain-free, while the trans 
modification should exhibit a moderate degree of strain (p. 50). The 
investigations of Windaus '*^ have shown that when a five-membcred ring 


Desoxycholic 

acid 

LVIIl 



LXIX 




H02a Cpa 


Thermal 

decomposition 
and oxidation 


H 


LXXl Tetracarboxjrllc 
acid.CuHj^O, 


dicarboxylic acid 


LXVIII 
Tricarboxylic 
acid, CjjHjoOq 


is formed on a cyclohexane ring by thermal decomposition of dicarboxylic 
acids a cis form results, and in no cjise wliere attachment is through a 
secondary ring carbon is the trans form produced. But in the fonnation 
of the pyroketone, the trans configuration jx^i^sists unchanged, rearrange- 
ment being prevented through the influence of some other group. 
A methyl group attached at C 13 would exert such an influence, while if it 
were attached at Ci 4 it would not prevent n'arrangement. 

The production of the acid CiaH-ioCXi constitutes a proof that the 
second hydroxyl of desoxycholic acid is attached at C 12 . Since the 
demonstrable five-mernbered ring comes through the oxidation un- 
scathed, the second hydroxyl could not have been attached to it. Exami- 
nation of the other dihydroxycholanic acids excludes the possibility of 
attachment to ring B, In ring C only two positions, Cn and Ci 2 > can 


Httrkel, “Thooretiecho Grundlagen der organiseben Chemio,” AkademiBcho Verlags- 
gcsellschaft, Leipzig (1931), Vol. I, p. 63. 

Windaus, Hiickel. and Reverey, Ber., 66 , 91 (1923); Windaus, Ann., 447 , 233 (1926). 
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be considered, and only the latter is compatible with the behavior on 
bromination. For example, if XIII were 11-ketocholanic acid, the 
result of the first bromination (LXI-LXII) would be a tricarboxylic 
acid. 

The other method (LXIX-LXXIII) of producing the acid Ci3H2oOa, 
though not affording as good direct evidence, serves as supplementary 
proof. If LXIX were an 11-keto compound, a — CH2 — CO2H group 
would be formed on Cva as one of .se\Tral products of the oxidation. 
Actually the oxidation proceeds in relatively good yield to form acid 
Ci 6 H 2408 , and the behavior of this acid is such that other structures 
cannot be considered; the formation of the malonic acid LXXIII, for 
example, confinns the branching of the chain at Cs. 

The Side Chains. The point of attachment, (’ 17 , of the principal 
side chain to the nucleus vas suggested from x-ray and surface film 
measurements (pp, 1229, 1758),^^' and confinmHl by the formation of 
methyl-cholantlmme from 12-k(docholanic acid.^^'^ The evidence on 
this point has bec'ii discussial and may be regarded as satisfactory. 

After providing for tlie carbon and hydrogen requirements of the 
nucleus and the side chain of the sterols and bile acids, there remain two 
carbons and six hydrogens to b(‘ attached. These have b(‘en placed as 
methyl groups at Cm and Ci.^ The evidence indicating attachment of 
one of these at C 13 is given aliove. For some time certain of the English 
school of investigators favored attachment at C 14 rather than at Cm, 
since such a structure fitted in with a postulated biological formation 
of cholesterol from isopnaie units (p. 8 ,). ”*^ The arguimuit collapst'd, 
however, when applied to ergosterol and stigmasterol, which an^ alkylated 
at C24, and the position at Cu is no longer seriously considered. 

Proof that the second methyl group is attached at Cio is much more 
direct. The by-product of the nitric acid oxidation of d^w)xychoIic 
acid, the tricarboxylic acid C7H10O0 (LXX), loses carlyon dioxide when 
heated and forms oi-methylglutaric acid. A\dth this as a clue, synthesis 
has established the structure of LXX as 1,3,3-butanetricarboxylic acid.^ 
The formation of this acid shows the presence of a quaternary carbon 
atom bearing a methyl group. Since (ho is knowm to he quaternary from 
the degradation of cholestenone, the proof of the attachment of a 
methyl group at this point seems to be conclusive, for the tricarboxylic 
acid must result from rings A and B in the oxidation of desoxycholic 
acid. 


Symposium on Sterol Stnicturc, J. Hoc. Chtm, Jnd., 52 , 10 (1933). 
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Stereochemistiy * 

In cholestane (LXXIV), the parent hydrocarbon of cholesterol and 
dihydrocholesterol, there are centers of asymmetry at Cd, Ch, Co, Cio, 
Ci3, Ci 4 , Ci7, and C 20 . The number of possible stereoisomers is accord- 
ingly 2®, or 256. With an hydroxyl group at C.i the possible isomers 
are increased to 512. Coprostane (LXXV) is one of the stereoisomers of 
cholestane, differing only in the spatial arrangement of the C 5 — H. 
Nearly all the members of the cyclopentanoperhydrophenanthrene 



I. XXV' C'oproMtane LXXVa 

(ci 4 , #r«n4i, tranJt) 


group are derivatives of these' two hydrocarlK)ns, and it would l>e 
valuable to have prc^cisc structures for both. Unfort unutely, it is pos- 
sible to portray only the probable stnictun\s and indicate the interrela- 
tionship. 

The space models for the cholestane tyjx^ (Fig. 1) and the coprostane 
type (Fig. 2) are suggested by similar representatioiLs by Ruzicka. 

♦The BovenU of aU»ro«H*heiTiiBtry arc ron.Hi<lcrod in Chap. 3. p. 1M7. 

•• Rufticka, Furter, and Thomann, Hdv, Chim. Acfa, 16 , 331 (1933). 
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The models are built up from the assumption that the Cio — CH 3 (R) 
group in both structures projects out from the plane of the paper. The 
size of the balls does not show the probable atomic size, nor are the 
interatomic distances correctly represented; besides these defects, the 
position in space of the angular substituents and the relationship of 
one portion of the molecule to another may be entirely different from 
those shown. Nevertheless, the models are helpful in understanding the 
adjustments that probably occur in the change from one type to the 
other. Assuming that tlie (^ 10 — CH^ comes forward, then in the choles- 
tane type the Co — H goes into the plane of the paper, and in the 




(The illustrations are reproduetionw of space models of the two typ^pa. The position in spur® of 
the atom.s is hhowti by tlie size and the ahadinK of the Imlla that are uaed to represent the vftri«»uji 
atoms or groups. The atoiuM nearest the eye are nhown l)y the largaHt hatU. and, where three repre- 
sent carbon iiloni.^^, by full inten^'ity oi black. The nton»e in planer below this are reprtseonted by 
Biualler balls and by decrejised intensity of black. The circlee marked X ” reprceeut any group 
attached at ('3.) 


coprostane type it comes out from tlic plane of the papi*r. The spatial 
adjustments in the configuration of rings A and B are such that in 
cholestane tlH‘s(‘ two rings are “ cliair typ(‘s’'; in coprostane, “ b(?d 
types '' (p. 49). I'rom tlu* modt'ls it can b(‘ setui that a substituemt at Cz 
does not occupy exactly the same r(4ative position either to the C 5 — H or 
to Cio Cll.'i in both typ{*s. Aside from thes<? difTffrences the two 
molecules appear to lx* tlie same. The evidencx; presented below does 



THE STEROLS AND RELATED COMPOUNDS 


1253 


not disclose any discrepancies in these representations, but the methods 
used to obtain it are not completely satisfactory. 

For representations on a plane surface, dotted and solid lines are 
employed to indicate the spatial configuration. As has been mentioned 
previously, the dotted lines indicate bonds going into tlie plane of the 
paper; the solid lines, lx)nds lying in or coming out of the phine of the 
paper. The use of such lines (as is shown in structures LXXIVa and 
LXXVa) for an entire structure is too cumlx^rsome for common u.se, and 
in practice only selected portioas of the molecule are so represented. 
The method has the disadvantage that a solid line is the nomial way of 
representing a linkage, and where tlie spatial configuration is unknown, 
the impli(Hl structure may bc‘ erroneous. 

Spatial Isomerism of the Nuclear Rings. The experimental evi- 
dence in suj)port of tlie structures of cholestane and coprostaiu* has 
lK>en obtaiiK'd larg(‘ly from the chemical Ix'havior of d(*gradation 
products of the bile acids, and from physical measurement .s on the 
liy drocar I Kins t h(*nisel \’es . 

Hings A li. AVindaus^^^ has .‘studied the lx‘havior of the four litho- 
bilianic acids when subjected to thermal decomposition. Lithobilianic 
acid (L) and aWolithobiliariic acid (LXX\T) give the same pyro acid 
(LII); isolithobilianic acid (LI) and o/Zoisolithobilianic acid (LXX\’II) 
give two diffenuit p\To acids, LXXN’III and LXXIX. Clenimensen 
naluction of pyrolitholnlianic acid and of pyroisolithobilianic acid gives 
the same d(*.soxo compound (LXXX).* Lithobilianic acid and isolitho- 
bilianic acid must have the (V, — H and the Cio — C’lLi in the same 
relationsliip, since both are produced from lithocholic acid and both 
can Ik‘ transfonned to tin* same end product. .'l//oiitho})ilianic acid and 
n//(a.Ho|ithobilianic acid give tliffenmt pyro acids and desoxopyroacids. 
Obviously, aZ/olitlioiiilianic acid mast have undtTgone a rearrangement 
in tlie theniial treatment, and the .sani(‘ arguments apply here as were 
used previously in the case of the acid ('jhHimjOo (LXMII) (p. 1248), 
that a rearrangement from a trans to a n\s structure occurs. Since the 
lithobilianic acids may Ik» n^garded as dt'gradation products of 
coprostane in which ring A has lieen o|xmed, and the a//elithobilianic 
acids as degradation products of cholestane, it follows that rings 
A B hav(‘ a cis ndationship in coprostane and a trans relationship in 
cholestane. Similar msults have been obtained by Ix'ttri^^^ with the 
corresponding dicarlK)xylic acids from dihydrocholestead and copro- 


Wirutttus, Ann., i4t. 240 (1920), nnd Merence 57. 

♦ .4//olithohilittnic arid ntul ai/oiaolithobilitinio acid may propartHl from hyodesoxy- 
rholir* (3,(V>dihydroxyrholajiit') acid or from choli>8t4?rol. The transformation is discussed 
later (p. 1308). 
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sterol. Not only do these transformations establish the relationship of 
rings A/B, but also, they show that aside from these rings the spatial 
configuration of the two types is the same. 



L Lithobilianic acid LXXVI ^4 ffolithobllianlc add LI laollthoblUanlc add 
ia,p. Zjr m.p. 212° m.p. 



LXXVJI Attoiao- 
UthobUianlc add 
m.p. 23»° 240° 


yf 




LXXIX Pyroa/fdao- 
UtboblUanle add 


Ruzicka®^ has examined the physical constants of cholestane 
(LXXIV) and coprostanc (LXXV), and compared them with the 
known examples of the cis and trans decal ins. Cholestane was found 
to have a lower density, higher molecular refraction, and higher melting 
point than coprostane. Reasoning from the decalins (p. 402), the re- 
lationship of rings A/B is trans in cholestane and as in coprostane. 

In addition to the differences in the physical properties in the two 
structures, there are chemical dissimilarities. When the 3-keto com- 
pounds of the cholestane type are oxidized to acids, ring opening takes 
place principally between C2 — C3, while with coprostane derivatives, 
opening of ring A occurs chiefly at C3 — € 4 .^'^ The dicarboxylic acids 

Ruzicka, Furter, and Thomann, Helv, Chim. Acta, 16, 327 (1933). 

Wieland, Dane, and Martins, Z. phyaiol, Chtm., 815, 16 (1933). 
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formed by opening the ring between C2 — C3 are more soluble than 
those resulting from the cleavage of the C3 — C4 bond. On treating the 
3-keto compounds with bromine, substitution takes place predominantly 
at C4 with the coprostane structure, and at C2 with the cholestane 
structure.®^ These reactions suggest that enolization is primarily from 
C4 to C3 in one case, and C2 to C3 in the other. 

Rings B/C. The x-ray and surface film measurements of BernaP^ 
show that the molecules of the sterols must be flat, as in paraffin hydro- 
carbons w'ith methyl side chaias. Models of the sterol molecules in 
which rings B/C are irans are flat, in agreement with the physical 
measurements, while a cis structure at this point gives a bowed-in, 
or condensed model. Another positive argument for such a configuni- 
tion comes from the work of Wieland.^**^ After 7 , 12 -diketocholanic acid 
is heated for ton hours with dilute alkali, it can be recovered unchanged. 
Since the neighboring center of a^ymrnetr}^ to C'12 carries a methyl 
group, rearrangement at this point is impossible, and the absence of 
rearrangement must mean that the Cg — H is in the stable irons configura- 
tion with respect to the C9 — H. This is in accord with Hlickers^^ 
exfKTience that only eov-decalones rearrange into irons when treated 
with alkali. For convenience rather than with r(‘ason, the C9 — H is 
usually represented as l)eing irons to the Cio — CH3, and the practice is 
frequently bulwarked l)y the argument of steric hindrance. 

Rings C l). The iKdiavior of the acid (h3H2(>t)o (LXVIII) on thennal 
decom|K)sition furnishcss the evidence for a irons relationship of the 
Ci3 — CTI3 and the Cu — H.* The structural representation of this 



LXVIII TVamform 
of .cid. C,,H,oOw 
m.p. 187*' J 



LXXXl Anhydride 



LXXXII Cwform 
of acid. C,,H,o06 
m.p. 136“^ 


transformation, which was not given previouslj% is cited here. In the 
production of the anhydride, LXXXl, a ^arrangement occurs, and on 
saponification the lower-melting cis fonn of the acid (LXXXII) results. 

•’Summary: Butenandt, Schramm, Wolff, and KudsBua, Ber., 2779 (1936). Cf. 
Ruxicka, Bosahard, Fischer, and \Vir». Hdr. Chim. Acta, 19 . 1147 
•• W'ieland and Wiedershoim. Z. physiol, Chem., 186 , 232 (1930). 

•* HOckel, Ann., 441 , 1 (1925). Cf. Windaua, Hlickcl, and Reverey. Ber., 66 , 91 (1923); 
Liniitead and Meades */• Chem. Soc., 935 (1934); Ctx>k and Linstoad, ihul., 946 (1934); 
Barrett and Linateod, ibid., 436 (1935). 

* For on argument agoinat a trans configuration, aeo Peak, Mature, 140 , 280 (1937). 
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The Side Chain at C17. The ready formation of dehydronorcholene 
(XIV) from 12-ketocholanic acid (XIII) has been used by Wieland as 
an argument that the side chain at Cn occupies a trans position with 
respect to the C13 — CH3. Consideration of space models hardly con- 
firms this contention, and Ruzicka®^ has suggested that a cis configura- 
tion is a better representation. In Figs. 1 and 2 , this side chain is 
shown in the cis configuration, but without convincing evidence the 
matter must be left open. 

Spatial Isomerism of the Hydroxyl Groups. There are a numlxir of 
methods used to describe the steric position of the ring hydroxyl groups, 
particularly that of the C3— OH. The prefix '' epi ” is used in the sterol 
series as a means of indicating a configuration different from the ** nor- 
mal ” type found in nature. In the bile acid series the configuration 
analogous to the epi form is spoken of as an a tyjxs while tin* normal 
configuration is a type'. Th(‘ burden of evidence* indicates that the 
normal hydroxyl group is in a e/s-position with r(‘spect to the angular 
methyl group at Cio and that the e;>/-inodification is trans to Cio — CH3. 
Wherever the spatial configuration of the C3 — OH is d('scrib(*d in this 
discussion, the hydroxyl groups are referred to the ('10 angular m(‘thyl 
group and the spatial configuration is indicated by a partmthetical 
designation; for example, dihydrocholesterol (XX) is described as 
3(as)-hydroxycholestane. * 

Ruzicka has introduced the practice of n^ferring the C3 — OH to 
the hydrogen at C5. This convention is somewhat unsatisfactory, since 
in many compounds thcTe is no hydrog(*n at C5. In easels of this sort 
Ruzicka ascrib(*s to tin* hydroxyl the saim* position as that which it 
occupies in the corresponding saturat4‘d compound. Thus the hydroxyl 
group in both dihydrochol(*sterol and chole.st(*rol is describc^d by Ruzicka 


Ruzicka, Goldhrrp:, and Wirz, Ifrh. Chim, Ada, 18 , Cl (1935). 

♦ In the api>cndix to hi.s rcvis(‘d monograph, p. 398, Fieser di»cii »«08 the stereochemical 
nomenclature, lie points out that the angular methyl groups are not wholly satisfactory 
reference points, since they do not always have the same fxjsition in space. For example, 
lumisterol (p. 1290) is a comf>ourid in which the Cio — CHj hits an op^wsite configiiration to 
that of cholesterol. This i.s not a serious objection, howev'er, since the configuration of 
the angular methyl group i.s shown by the parent name, e.g., cholesUino and lumistane. 
Fieser also objects to the use of cu and trana to descrilje the position of the Ci — OH group 
with respect to either the Cs — H or the Cio — CII3. since these terms are appropriate only 
for the groupings attached to adjacent carbon atoms. As a substitute for the terms 
cis and tram ho has suggested that the configuration l>e indicated by a parenthetical 
a or 0. By this system dihydrocholesterol would lie named 3(^)-hydroxyrholestane. 
Fieser regards this as desirable, since dihydrocholesterol is also know'n as 0>choletitanol 
and adoption of the proposed notation would be compatible with the older notation of 
the bile acids* On the other hand, the Greek letters a jind 0 are also used to describe 
different crystalline modifications, e g., a- and /^-progesterone (p. 1389), and as temporary 
designations for isomeric compounds in which the configuration has not been examined. 
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as 30ran5)-hydroxy, although in cholesterol the reference hydrogen at 
Cs is absent. * 

In this discussion the groups attached at positions other than C3 are 
likewise? referred to the nc^arest angular methyl group and their steric 
relations are described by the term ds or irans. The use of these terms 
to relates groupings sc^veral atoms apart is somcjwhat more liberal than 
precedent justifies, but by referring all groups to the nearest angular 
methyl group, a consistent practice is possible and adjustrnemt can easily 
b(‘ made when a more rational nomenclatun? is d(*v(doix*d. 

The C 3 — OH. Vavon and Jakubowicz^’’^ have studied the epimeric 
modifications, dihydrocholesterol (XXIX) and e/>?dihydrocholesterol 
(LXXXIV). Catalytic hydrogenation of choicest erol or cholestanone f 
(LXXXIII) in neutral solvents gives dihydrochol(\sterol,t while its 
epirner is fonned from cholestanone by hydrogenation in acid media 
(acetic acid and hydrobrornic acid or butyl ether and hydrobromic acid). 
Applying tlie rule of v. Auwers-Skita^^ that neutral media favor the 
formation of trans forms and acid media lead to cis structures, dihydro- 
chol(‘st(Tol is 3(/ra/i.s)-hydroxycholestane and e/>/dihydrochok*.st(Tol is 
3(m)-hydroxychol('stane, the hydmxyl Ixnng ref(‘rred to the C 5 — H in 
both instances. Since this C 5 — H is trans to the Cho — ( 'H;i, tla* designa- 
tions bi*come 3(m)-hydroxycholestane for dihydrocho}(‘st<'rol and 
3(/ran.<f)-hydroxycholestane for the epi compound, when the angular 
methyl group is u.s(*d as the r(‘ference point. 

Idiis work of \'avon and Jakulx)wicz has Ixx'n extended hy Grasshof^’^ 
and Kuzicka*^"' who, in addition to studying dihydrocholesterol and 
cp/dihydrocholesterol, pmpared coprosterol (LXXXVl) and rptcopro- 
sterol (LXXXVII) by the catalytic hydrogenation of coprostanone 
(LXXXV). The latter, in turn, was obtairual by the catalytic hydro- 
genation of cholestenone (XXIV). Applying v. Auwers-Skita’s ruk' to 
th(‘ formation of coprosterol and its epirner, tlie hydroxyl is cis in the 
foniKT and trans in the latter. Reference^ is made to the Cr> — H, <>f 
course, but since* this is cis to the Cho — CH3, the spatial relationship is 
the same to both points of mference. Apparently the rule of v. Auwers- 

* In his current publications, Ru^icka is almndoning this pnirtice and is differentiating 
IvetwtM^n the two forms by using the i)rcfix “epi” for the configuration difTering from the 
normal. 

Vavon and Jakut>owios, BuU. $o€. chim., 53 , 5Sl (1933). 

t For preparntivo details see Bruce, '‘Organic Syntheses,” Joi n V iley aiul 8^)n«, 
Now York (1937). Vol. 17, p. 43. 

t For prepariitivc details see Bnice and Ralls. “Organic S>ni theses,” John Wiley and 
SiHis, New York (1937), Vol. 17. p. 45. 

* V. Auwers, Ann., 480 , 91 (1920); Skita, Ber., 53 , 1792 (1920). 

WGrasiihof, Z. phynd. Chrm., 885 , 197 (1934). 

’^Ruiicka, I/dt. Chim. Acta, 18E. 90 (1936). 
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Skita is generally valid, although Ruzicka noted a definite exception to 
it in the production of coprostanone from cholestenone. 




LXXXIII Cholestanone 



Sodium ethoxide (or sodium and xylone) produce's cpirnorization of 
the hydroxylated derivativcis when they are heated toget her in anhydrous 
media at 180°. An equilibrium mixture results from such Inmtment. 
In this mixture the tram fonu (referred to the C5 — H) i)redominate8 
in a ratio of about 9:1. The product of such a rearrangement can be 
resolved through the aid of the insoluble addition compound that the 
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saponin digitonin (p. 1346) forms with neutral compounds of this group in 
which the C 3 — OH stands in a cis relationship to the Ck, — CH 3 . Usu- 
ally the precipitation is carried out in 90 or 95 per cent alcohol, but 
occasionally a 50 per cent rnethanol-water solution is used."^ Where 
the Ci 7 side chain differs greatly from the nomial, as for example in a 
compound containing a diphenylcthylene group fused to the side chain, 
precipitation is prevented even though the steric position of the C 3 — OH 
group is correct. Other compounds in which the — OH group is cis 
to the Cio — CH 3 group but which fail to give iasoluble digitonides arc 
cholestanetriol (XXI), and the so-called isopregnanolones and 
related compounds (p. 1309). On the other hand, a few ketones in which 
the C 3 — OH group is blocked or absent, such as 3-acetoxy-20-ketoa7^e>- 
pregnane (a/Zopregnanol-3-one-2()-acetat(‘) and 3,20-dik(‘toaZ/epregnane, 
form sparingly soluble digitonides, but the rate of formation is slow. 
That it LS not absolutely essential for a Cio — CH 3 group to be present 
for the fonnation of insoluble digitonides is shown by the fact that 
neoergosteroF ** (seelxdow) and one of the hexahydroestrones" "’ are pre- 
cipitated by digitonin.’*' Yet if the methyl group is present in an epi con- 
figuration, then precipitation does not occur, e.g., lumisterol and pyro- 
calcif(»rol (p. 1298). It is obviously difficult to give a rigid interpretation, 
but the fonnation of an insoluble digitonide is usually taken as evidence 
of a cis configuration of the C3 — OH to the Cio — CH 3 group;"^'* failure 
of a precipitate to fonn may or may not indicate a trans configura- 
tion.’^^ 

W. StolF^ has suggested another means of establishing an epi con- 
figuration. The p-toluenesulfonates of the normal .saturated sterols 
H'act slowly when l)oiled with methyl alcohol to fonn methyl ethers, but 
the p-toluenesulfonates of the epimers an^ converted into unsatiirated 
comjwunds by the same tr(‘atment. It is difficult to evaluate this 
method iK'causf^ it Inis l)een applied to ndatively few compounds. 

Walden Inversitm of the C 3 — OH. When cholesterol (II) is treated 
with phosphorus penttichloride or thionyl chloride, the hydroxyl is 

Windauii, Ber,, iS. 2.3S (1909); Reich*t4p'in, Heir. Chim. Ada, 19, 40t.i (1930). 

Keniholi, Z. phyttiai. ('hem., tSt. 97 (UK15). 

’’ Butcnandt and Manioli, Bcr., 68, 1847 (1935). 

BonaKHit, Z. jihymtil. Chem., 188. 168 (1929), 

Dir*i'hi?rl. I'Wd.. 189. 5:1 (1936). 

♦ A» in iihown later (p. 136:1) the rwiuction of the female »ex hormone, estrone. two 
iisotnerie a- and in which there i« iaomeriiuii alK)ut Cn. (>t the two isomers 

only o^tnidiol formii an inJKdublo digitonide. Init the rate of preri pi tuition is slow in 
eompariiion with that of the aterols. It is prol>ahle that digitonide formation takes plfice 
w ith the Cir-~OH. but at prosont it is impossible to gi\’e an interpretation (Wintersteiner, 

Am. Chem. Sac., 89. 765 (I9:t7>l, 

Bchoenheimer and Evans, J. Biot. Chem., 114, 567 (1936). 

” Stoll, Z. phyM. Chem., U8. 1 (1937). 
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replaced with chlorine. Regeneration of the hydroxyl by treatment 
with potassium acetate and saponification returns the original choles- 
terol. If, however, the cholesteryl chloride is catalytically hydrogenated 
and the chlorine then replaced with hydroxyl, cptdihydrocholesterol is 
obtained rather than dihydrocholesterol, and, obviously, at some stage 
of this transformation there is a Walden rearrangement (pp. 197, 1844) 
about C3. The two chlorinating reagents behave differently with 
dihydrocholesterol and its ('pimer. Phosphorus pentachloride with 
dihydrocholesterol gives the so-called /3-cholestyl chloride, m.p. 102 °, 
but thionyl chloride producers a-cholestyl chloride, m.p. 112 °.®^ With 
ep^dihyd^ocholeste^ol th(‘ two reage^nts produce the a- and /S-compounds, 
respectively. Although the mechanism of these changes is not under- 
stood, the rearrangements an^ of value in the production of the sex 
hormone, androst(‘rone. 

The spatial position of the hydrox^d group at C 3 influences its 
physical properties and chemical reactivity. Reindel and Nieder- 
lander^^ have compared the melting points of a large number of the 
saturated stereoisomers. Tn both the cholestane and the coprostane 
series, the member of an epimeric pair that gives an insoluble digitonide 
always has the lower melting point. Interpreting this as above, those 
saturated compounds in which the Ca — OH is cis to the Oio — CH 3 
have lower melting points than the epimers. Vavon and Jakubowicz^^^ 
observed that the trans fonn (to Or,) is esterified more easily and dehy- 
drated less readily than the cis modification. 

Biochemically the spatial position of tlu^ C' 3 — OH is of great impor- 
tance, although only in the case of the sex honnones and jwssibly of 
the cardiac principles is it possil)le to correlate stereochenuslry and 
physiological activity. Indeed, so cl(‘ar cut are the physiological effects 
of epimerizing the ('. 3 — OH in' the cjise of the male .sex hormones, that 
the bioassay may used as a m(*ans of detennining the structure. 

The C7 — OH. Where the hydroxyl group i.s attached at any position 
other than C;?, it is difficult to obtain goexl evidence of the configuration 
aside from that afforded by catalytic hydrogenjition. In the case of 
certain of the bile acids, however, there are hydroxyl groups at both 
C3 and C7. Here it is possible by hypobromite oxidation to open ring A 
to a 7-hydroxylithobilianic acid and to study the ease of lactone format* 
tion between the carboxyl at C5 and the C7 — OH. Should a lactone 

Marker, ./. Am. Chem. Soc., 57 , 1755 (1935); Marker, W'hitmoro, and Kamm, ihul.t 
57 , 2358 (19.35). (’/. Riizirka d al., refereneo 80, and LettrA, roferonco 83. 

Diels Mild Linn, Her., 41 , 548 (1908); Rueicka, Goldl>erg, and BrUngger. Hdp. Chim* 
Acta, 17 , 1389 (1934). 

» Ruzicka, W'irz, and Meyer, ilnd., 18 , 998 (1935). 

Reindel and Niedt rliinder, Ann., 622, 218 (1936). 
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result, then, according to the rule of Alder-Stein,®^ a cis arrangement 
of the carboxyl and hydroxyl is present. Application of this method by 
Lettr^®® to chenodesoxycholic (3,7-dihydroxycholaiiic) acid and to 
cholic acid (III) shows that the C? — OH Is trans to the Cio— CHa; in 
both of these cases lactones were formed. 

Structure and Optical Rotation. Relatively little work has been 
done on the correlation of structure and optical rotation (p. 1S0.3;. From 
the molecular rotations of various pairs of compounds Callow and 
Young®** have noted that epimerization of the — OH grou[) from the 
CIS position with respect to the Cio — group to a trans position is 
accompanied by a shift of rotation to the right. This increase^ of d-rota- 
tion is seen from the data giv(*n in the tables in the following discussion, 
when*, for comparison, the 8 p(‘cific rotations of isomers S(‘rve as w(*ll as 
the nK)l(‘Cular rotations. There are not enough cases of inversion of the 
hydroxyl group at C 4 , C 5 , and C 17 to permit conclusive generalizations 
to Ik' made for th(\se [K)sitions, but the introduction of a double bond 
into the mol(‘Cule alters the (/-rotation as follow.s: Compounds with 
unsaturation at A*, A'*, and A-- show a marked decrease in d-rotation; 
at A***, a small decrea.se; at A^, an irregular effect; at A^**, a small 
increase; and at A'*, a marked increase. Reduction of a (hr carbonyl 
group to carbinol decreases the d-rotation sliglitly. 

IvCttr/’*®"’ has extended this work by studying the molecular rotations 
of neoergosterol (LXXXVIII) and cp/newrgosterol (LXXXIX) and 
their derivatives. In these sterols there are no centers of asymmetry' in 
ring B, and tlu* rotation is due entirely to the effects of asymmetric 
carbon atoms, Ca, C 12 , Cu, (' 17 , and the side chain. The asymmetric 
C(mter at (\a sc) far removc^l from the other ccuiters that the total rota- 
tion may Ik' split up into two parts— part B, due to Ca, and part A, 
diK* to the rest of tlie molecule. On calculating the values for A and B 
in neoergf>sterol and cp/neoergosterol, it is ap|)arent that B ((’3) has a 
negative value in necx'rgosterol, but is |X)sitive in cp/neoergosterol. The 

Neoergosten)!: (alo— 11 • [.l/ln== — 41.S = A — B = 31.2 — 73 
A /n neoergosterol: [a]i)+ 27.4 • [.1 /Jd= + 104.2 = A + B = 31.2 + 73 

same relationship applies to derivatives of the two sterols. Because of 
the sign of the rotation, iK'oergosterol may be regarded as a derivati\ e of 
( — )-ac-tetnihydn>/ 3 -naphthol (XC) and ep/neoergostei ol of ( + )-ac- 

•* Alder and Stein. Ann,, 504. 220 (1933). 

« Bir., 65. im (1935). 

Callow and Young, Proc. Hoy. Soc. (London), A167. 194 (1936). 

•» Lettr«, Ber., 70. 450 (1937). 
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tetrahydro/3-naphthol (XCI) ([3/]d =±99.5).*® Since neoergosterol 
or epmeoergosterol can be correlated with the other compounds of the 
cyclopentanoperhydrophenanthrene group containing a C 3 — OH group, 
all these compounds are related to the ac-tetrahydro-/5-naphthols. 
It is possible that further study of the relationship of structure and 


CH, 



CII-CH =CII “CH-CH 



LXXXVIII Neoergosterol LXXXIX ^jnneocrgcwierol 



XC ( — ) ar-Tetrahydro-^iiaphthol 





X(;i (4 ? <Jt-Tetrahyclro-/J-naphlhol 


optical rotation may load to generalizations that will serve to chock con- 
stitutional formulas based on chemical reactions. 


THE STEROLS 

Definition and Occurrence. The sterols may be defined as the 
saturated and unsaturated alcohols derived from eycloptuitanoperhydro- 
phenanthreno. In nature they are widely distributed, Ixith free and 
combined as esters or glycosides (p. 1454). listers of the sterols with 
fatty acids are common to both animal and plant life, but the glycosides, 
the so-called sterolins, occur only in plants. For chissification, the sterols 
are divided on the ba.sis of occurrence into zobsterols (animal sterols), 
phytostcrols (plant sterols), and mycosterols (sterols of yeast and fungi). 
Isolation. The sterols are the principal constituents of the non- 
saponifiable portions of fat extracts. They are obtained as well-crystal- 
lized substances with a waxy feel. From alcohol the crystals separate 
out with a molecule of water; from ether the anhydrous form is ob- 

•• Pickard and Kenyon, J. Chem. Soc., 101, 1427 (1912), 

•'Books; Kicacr; Lettr6 and InholTen; “ Biochumisrhes Handlexikon," SpringW, 
Berlin (1911), III, 268; (1914,, VIII, 47.3; (1023), X, 1.50; "Ann. Rev. Bioehem.," 
I, 106 (1932); III, 87 (19.34); VI. 139 (1937). Reviews: Heilbron. J. Soc. Chem. tnd., 
68 , 126T (1930), For physiology of the sterols, see Bills, Phyniot. Ref., 16, I (1936). 
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tained. Since more than one sterol is generally present in any natural 
product, separation is often rather difficult. The occurrencf? of mixed 
crystals and of molecular compounds sometimes makes purification of 
the free alcohol by recrystallization impractical. Advantage may then 
be taken of the differential solubilities of derivatives, such tis the dibro- 
mides or the digitonides, from which the sterol may be regenerated. 
With the dibrornide^ the regeneration is effected by treatment with zinc 
and acetic acid®® or by heating wdth an alcoholic solution of sodium 
iodide.®® The digitonides are split by treating with pyridine,®® by ex- 
tracting with boiling xylene, or by acetylating.® ^ 

Because of the difficulty in obtaining pure compounds, many of the 
analyses reported in the literature are erroneous. Even though a pure 
compound is available for amilysis, the results may be hard to interpret. 
For this reason, analyses must be conducted on the free sterol, and on 
its acetate®- and other esters, such as the dinitrobenzoate.®^ The 
properties of a number of the more important sterols are given in 
Table II (pp. 1264-65). 

Nomenclature. Most of the sterols are systematically named by 
referring them to the two stereoisomeric hydrocarbons, cholestane and 
coprostaiie (p. 1251), the spatial configuration of the hydroxyl group 
l)C‘ing de8cril>ed by a suitable prefix. The use of the tenns cis and trans 
to describe the spatial relationship of the hydroxyl groups is confusing 
unless the reference point is given, and even then may 1)0 wholly erro- 
neous. The prefix epi ” is the safest method of indicating the con- 
figuration, but it, in turn, lacks precision. With the un.«;aturated 
sterols, particularly those with uasaturation at Cs, there is a problem of 
reference compound. It seems best to refer them all to the stable 
cholestane configunition, rather than to relate some to this com|X)und 
and others to coprostane.®** 

General Reactions of the Sterols 

Most of the natural sterols have the general architecture given in 
structure I. As this stnicturc shows, the sterol molecule is hydroxylated 

•* W'indtiufi. /irr., S0, 518 (UKW); Fmiholi. 507, 122 (193.3). 

** SchcMmheinier. J. Bioi. Chrm., 110 , 461 (1935). 

Scboenhtnmcr and Dtim, Z, f>hy9U3l, Chan., 110 , 69 (1933). This is the preferred 
method. 

W^ndmis. iHd.. 00, 110 (1910). 

Sandqvist and Gorton, Ber., 03 , 1936 (1930); Sandqvist and Bcrngtason, Ber , 64 , 
2167 (1031). 

Windaua, Wcnler, and Oschaider, Ber., 60, 1006 (1932). 

Cf, Howsnhcvim and King, “Ann. Rov. Iliochem.,” vol. Ill, p. 87 (1934), for proposal 
for nomondature. 
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at C3, is unsaturated in ring B, and has at C17 a secondary isooctyl side 
chain, which is often substituted at C 24 with ethyl or methyl groups, 
and which may be unsaturated at C22. There are a number of poorly 
investigated sterols, and their final formulation may change the picture 
somewhat; but for the present the general reactions of the sterols can 
be discussed by considering the several characteristics individually in 
relation to structure L 



.CH3 


\ 


CH, 


(The side chains shown are usually present. R of Cn side chain may be H or alkyl. 
Unsaturation is frequently present at C5. The C| — Oil may be cis or Irons to Cio — CH|). 


The C3 — OH. The hydroxyl group at C3 is generally the only alco- 
holic function that is present in a sterol. The position of this group 
doubtless shows something of the biogenesis of the sterols, but no inter- 
pretation can be given at the present time. In addition to the usual 
reactions of a secondar>^ hydrox^d, the C 3 — OH undergoes stereochemical 
transformations that are conditioned by the structure of the molecule 
and the reagents used. The Walden inversion that takes place when 
the saturated sterols are treated with chlorinating reagents and regen- 
erated has l>een discussed (p. 1259). A similar kind of rc'firrangement is 
known for the unsaturated sterols. 

Cholesteryl p-toluenesulfonate and methanol react smoothly to 
give two different cholesteryl methyl ethers.^** With methanol alone 
the well-known Z-ether,^® m.p. 84®, [a]v — 42, is obtained; but with 
methanol and anhydrous potassium acetate, a d-<'ther, m. p. 79“, 
[ckJd + 51.8 results. The same products are formed if cholesteryl 
chloride is treated with methanol or with methanol-potassium 
acetate.®^ The d-ether may lx; a derivative of t-cholesterol or allo- 
cholesterol * (see below). With aqueous potassium hydroxide-acetate, 

“Stoll, Z. physiol. Chem., 307, 147 (1932); ibid.. 346, 6 (19,37). 

Diels and Bluml)erg, Ber., 44, 2847 (1911); Bills and MacDonald, J, Bid. Chmit,, fM, 
1 (1927). 

Wftgner-Jauregg and W^emer, Z. phyinol. Chem., SIS, 1 19 (1932), 

♦In this compound “ alio ” does not indicate that the relationship of rings A/B if 
tnmt And therefore the prefix is not italicised. 
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cholesterol and dicholesteryl ether result from the d-ethcr, and with 
halogen acids the normal cholesteryl halides are obtained. The 
behavior of the two ethers toward bromine is different. The normal 
Z-ether gives a 5,6-dibromo addition product; the d-<‘ther yields a 
3,5,6-tribromo substitution-addition product.* 

Similarly, acetylation of cholestc^ryl p-toluenesulfonab^ gives 
two products. In thci presence of potassium acetate a so-called 
i-cholcsteryl acetate is produced which differs from the nonnal 
cholesteryl acetate, forriK^l in the absence of potassium acetate, in 
that it has a very unreactive double bond or lacks a double bond com- 
pletely. On hydrolysis, t-cholesterol, which is strongly dextrorotator}', 
is produced. The tentative formulation, II, that luis been offert^d for 
f-cholesterol, indicates that an unusual kind of rearrangement is neces- 
sary to explain its format ion. f 



(proviAioiiai) 


CH, CII, CH, 

I I ■ / 

C-CH,-CH,-CH-CH 

II \ 

O CHj 


III Thujakeione 


* Beynon, Hoilhron, uiul Sininn. J. Chem. Soc., 907 {1930). 

♦ In reriBiit imbli<'utiont». Beyiiou, Moilhron, jind SprniK, J. Chem. Soc., -400, H.’iO < 1937), 
have* Ktudiod the two othon* further. In ad<lition to the reactions given idK>ve, they are 
dintinguiHhed by their l>ehavior when heated with nitric acid. The /-cither gi^ e.^i (i-nitro- 
choi©«teryl methyl ether, and the d-ether, tWnitrocholei»teryl nitrate. When the d-methyl 
ether i» hydrogfmated with platinum u catalyst, choleaUine ia obtaintMl in <|uantitaiive 
yield. Although this may lx* Uiken to indicate the presence of a double Ixind at C* : C*. 
this eoncluaion seems uidikely for the d-ether is not acpnl uiK>n by osone and do€^ not give 
a coloration with letranitromethane. Likewise a double Ixind at C 4 ; Cj, (allocholesterol 
structure) is improlmble, since the dn^lher does not give a positive Rosenheim reaction 
(p. 1272). The sign of the rt»talion suggests that the d-ether is probalily ilerived from 
t-ehole«t©roI. and this conclusion is in agreement with the alxive reactions. 

Wallis, Fernhols, and Gephart, J. Am, Chem. Soc., 59 , 137 (1937). 
t The formulation (II) of t-cholosterol luis l>een questioned by Beynon, Heilhron, and 
Spring, J. CAwrm. 1459 (1937), but hiis lx*en acccptotl by Butenandt and Grosse, 

Bar., 70 . 1446 (1937). The first group of workers have shown that i-cholesterol may l)e 
obtained directly from cholisst-erol ;>*toluene 8 ulfonate by hydrolysing in aqueous acetone 
in the presence of potJwisium acetate. Biitenandt has preparoil the methyl ethers of 
t-pregnenolone and of t-aiidrostenodiol. and thus it is apparent th.at t-derivatives may l>e 
obtained from any of the steroids conbiining a Cj — OH and a Cs : C« ethylenic iKind. 
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The Ci7 Side Chain. FAcept in the pregnanediols, the C 17 side 
chain of the sterols is an isooctyl or substituted isodctyl group. All the 
sterols with unsaturated side chains have the ethylene bond at C 22 - 
This is doubtless of biogenet ic significance. In determining the structure 
of such a sterol, the double bond of the side chain is placed by treating 
with ozone, which acts on the (^thylene linkage to give a volatile alde- 
hyde. Thus, ethylisopropylac(‘taldehyde is obtained from stigmaaterol, 
and methylisopropylacet aldehyde from ergosterol and its irradiation 
products. ^ 

Chromic acid oxidation of the acetylated saturated sterols, or of 
the hydrocarbons from tlu' st(‘r<)ls, ck'aves the side chain at the Iinkjige.s 
with tertiary carbon atoms, C17 — C20, and C24 — or C23 — (’24.* 
The yields are low, but the products an^ im{K)rtant lK)th theoretically 
and practically. By cleavage' of the C17 — C2() bond volatile and non- 
volatile ketones are formed. The volatile ketones aid in deter- 
mining the length and structure of the side chain. For example, from 
cholestanol (dihydrocholesterol), i.sohex3d methyl ketone has Ix^m 
isolated, and from a-(‘rgostenol, a partially hydrogenated ('rgosterol, 
the optically active thujaivetone I'lu* non-volatile kcdone.s, 

the hydroxyetiocholanones or (‘tioa//ocholan()n(*s, art' used in the pro- 
duction of male sex honnones (p. bSTl ). 

Oxidative cleavage at C24 — C2.". or (’2;r"-C24 fonns volatile ketones 
and bile acid derivatives. The latter are of gn'at im[K>rtance in deter- 
mining the stereochemical relation.ship of the nucleus rind the C3 — OH 
group. As an illustration, acetyldihydrochok'sterol may 1 h‘ considered. 
The bile acid isolated from its oxidation mixture proved to be /?-3-hy- 
droxyuZ/ocholanic, and this serv'(‘d as on(‘ way of establi.shing the spatial 
relation of th(* liydroxyl and of rings A B. 

The Nuclear Unsaturation. Nearly all the natural sterols are 

Reindel and Kipphan, Ann., 493, ISl (1932) ; Guitt^rns. Xakamiya, and Inhoffen, 
Ann., 494, 116 (1932). 

♦The products formed by cleavage at the tertiary rarl»on linksiReft nt Cj# — Cn and 
C 20 — C 21 have also been rejKirted. From the oxidation pr<idu<*tH of dibromocholeat^sryl 
acetate, Kuwada [./. Pharrn. S(k. JajMin, 56, 75 (19.16); (\A.. 31, 2224 (1937)1 has isolated 
a dibromo acid, which, on debrominution with zinc, Rave 3-hydroxy-Jk*'*-etiobilianic acid* 
m.p. 251®. This was suIjmKpiently [/. Pharm, Stjc. Jaixin, 66, 631 (19,36); C.A., SI. 2224 
(1937)] identified by convx*rsion to etiobilianic acid (p. 1244). A smaJl amount of preen©®'* 
3-oI-20-one acetate, m.p. 186, the product formed l>y oxidation of dihydrorholeiiteryl 
acetate at C 20 , has been isolated by Fujii and Matsukawa. J. Pknmi. Soc. Japan, 66, 138 
(1936). 

Ruzicka, Goldlierg, and BrUngger, Helv. Chxm. Ada, 17, 1.389 (1934). 

'^Windaus and Resau, Ber., 46. 1246 (191.3); Windaus and Ntnikirchen, Bar., It* 
1915 (1919); W^indauH, Z. physiol. Chem., 146, 177 (1925). C'/, Ruzicka, ei ol., refercDOa 

101 . 

Fernholz and Chakravorty, Ber., 67, 2021 (1934). 
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unsaturated in the 6,6-position. The method of determining the 
position of this double bond has been iJJustrated in the discussion of 
cholesterol (p. 1236), and has been tcisted on a sufficiently large number 
of sterols to establish its general applicability. The double bond in the 
6,6-po8ition is more reactive, apparently, than a double bond placed 
elsewhere in the molecule, including the side chain. The addition of 
hydrogen to this double bond in neutral solvents takes place in such a 
way that the added hydrogen at C 5 is probably iraiu to tlu^ ('k, — CH^. 
Bromine, on the other hand, adds to give a cis compound, since the 
ketone formed by oxidizing the dibrornide brorninates at C 4 rather than 
at 


The methylene groups adjacent to an ethykmic bf)nd at Cr, : tV, are 
easily oxidized to carbinol or k<dones. If tla* mild oxidizing agent 
seleniiun dioxide ^ is us(‘d in suitable solvents (ac(*tic acid, etc., but not 
alcohol), cholesterol yields A"’* ^'-cholesten(‘-^I,4-diol, in.p. 176'", [aju-GO. 
With cholesterj'l acetate nearly equal amounts of the 3.4-diol and of 
A*^-chol(?sten-3,6-diol, ni.p. 267°, [alod- 6. are formed. The reaction is 
shown schematically Indow: 



R = CH,CO 


R - II 




IIH 

3,4-diol 


1 



OH 


3,t>-<iiol 


At first the 3,6-<liol wjus incorrectly formulated, hut the striictim's of 
lK)th compounds arc* now well established, largely through the work of 
Rutenandt. The fK)sitions of the hydroxyl gn)ups in the 3,4-diol are 
sliown by the fact that gentle oxidation converts the compound through 
the stage of a dialdehyde (ojx^ning of ring A) to the known dihydro- 
DieLs’ acid (p. 1275). The stnicture of the 3,6-diol is most simply 
establLshed through dehydnigcmation by Of)p(Uiauer’s metliod (note, p. 
1239) to cholestan-.3,6-dione (p. 1274), 

With chromic acid and |x>tassium pt^nnangjinatt' jis oxidizing agents 
the action is principally on carbon 7. Chromic acid at 40° converts 

Butcnandt and Brhramm, Brr., 69, 22SD (1930). 

Hcwnheira and SUijling. J. Vhem. Soe,, .377 (1937); Butoi»andt and Havismann, 
Ber, 70. 1154 (1937). 

“^Mauthnor and Stiida, Mortat«h.. 17 . 490 (1890): Windaus. Ber., 53 , 4S8 (1920^ 
Windaua. and Srhenok, -Inn.. OtO. 98 (1935); Dimrnth and Trautjnann, Ber., 69 . 

609 (1936); Wunderlich. Z. Chem., * 41 , 116 (1936); Linaert, * 41 , 125 

(1936); Barr, Heilbron, Parry, and Spring. J. Chem. S<k., 1437 (1930); Marker, Kanun, 
Fleming, Popkin, and WitUe. J. Am. CK&n. Soc., 59 , 619 (1937). 
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sterol esters to 7-ketosterols (IV) which, on reduction with aluminum 
isopropoxide, give mixtures of isomeric 7-hydroxy sterols (V) in which 
the lower-melting a-isomer predominates. The /S-stereoisomer 
(j3-7-hydroxy) may be produced directly by permanganate oxidation of 
the acid phthalate ester of the sterol. By benzoylation and psrrolysis 
the newly introduced hydro.xyl groups are split out to give dehydrosterols 
with the conjugated system Cs : Co • C 7 : Cs- 



IV 7-Keto»teryl acetate ^ 7-Hydroxyiiterol 


When a dehydrosterol (VI) is reduced with sodium and alcohol, only 
one of the double bonds is - aturated. The resulting 7 -stenol (VII), in 
which the double bond is probably at C 7 : Cg, is rearranged into an 
a-stenol (VUI) by shaking with palladium sponge. The double bond of 
the a-stenol is resistant to catalytic hydrogenation, and is probably 
located at Cg .* Ch. The a-stenol may I)e produced directly by catalytic 
hydrogenation of the dehydrosterol in the pn^sence of palladium; only 
one mole of hydrogen is taken up. Although the a-stenol cannot he 
hydrogenated, it can be rearranged by treatment with hydrogen chloride 
in chloroform solution to a ^-stenol (IX) which takes up hydrogen 
readily to give the completely saturated sterol. ^ 

With oxygen the dehydrosterols fonn pf^roxides when irradiated in 
alcohol solution in the presence of a sensitizing dye like eosin. These 
peroxides are unique among organic px'roxidc'S in that they are stable 
toward alkaline reagents; for example, their ac(dat(‘s may he 8aj)onified 
with dilute alkali without decomposition. Since 1,2-addition of oxygen 
to the 5,6-ethylenic bond would hardly account for this stability, 1,4- 
addition to the conjugated system (p. 575) must lx? considered also. 
The direct evidence from chemical transformations does not differ- 
entiate well between these two possibilities. Irradiation with visible light 
in the absence of oxygen but with a sensitizer leads to the production of 
pinacols. These are formed with the loss of one molecule of water from 

10 ^ Achtermann, Z. phydol. Chem., 225, 141 (1934); Laucht, ihid„ 237, 236 (1936); 
Dimroth and Trautmann, Bcr., 59, 069 (1930). 

W^indaus and Bninkcn, Ann., 460, 225 (1928); AohWrmann, Z. ffkyinol, 2lt» 

281 (1933); Mailer, iintL, 231, 75 (1935); Fieser, p. 174. 
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two molecules of the dehydrosterol. They are sparingly soluble, unstable 
compounds, and when heated above their melting points, or when boiled 
in acetic anhydride, the pinacols lose methane and are converted into 
norsterols,” in which the Cio — CH 3 is missing. ^ ^ An example of 

R R 





R 



Saturated 

sterol 


such a tmnsfonnation is cited later in connection with the proof of 
the struct un^ of ergoshTol. 

The dehydrostorols have a characteristic absorption sped rum in the 
ultra-viol(‘t within the rang(* 260“3(K) m^i, with maxima at ra. 270 111 ^. 280 
m^t, and 295 in^.* The absorption Is due entirely to the conjugated 
system in ring B, and the alisolute position of the bands is umiffected by 
the surrounding structurf'. The intensity of the absorption, how- 
ever, varies as the surrounding structure is modified. 

The Color Reactions of the Sterols. The sterols give a number of 
color reactions which are useful for preliminary identification and 

♦ For typical curve (orgoeterol) eee Morton, “The Application of -\lj:w>rption Spectra 
to the Study of Vitamins and Hormones/’ Hilger, London (1935), p. 8. 

Dimroth and Trautmann, Ber., 69 , 069 (1936). 
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quantitative determination, but arc not specific for the sterols* The 
most important follow: 

The Salkowski Reaction. ^ ^ ^ A chloroform solution of a sterol is 
shaken with an equal volume of concentrated sulfuric acid. After 
separation of the layers, a red color is generally present in the chloro- 
form layer and a green fluorescence in the sulfuric acid. The mycosterols 
and some of the plant sterols give a reverse Salkowski reaction, in that 
the sulfuric acid layer becomes red and the chloroform remains colorless. 

The Liehermann-Burchard /feadfoa. ^ ^ ^ ^ ^ A chloroform solution 

of a sterol is treated with a few drops of acetic anhydride and concen- 
trated sulfuric acid, the temperature being maintained at 15-20°. A 
color soon develops in the solution, passing from ro.s(‘-red through blue 
to green. The time' of color devc^lopnuait is characteristic of the specific 
sterol, and in general th(' saturated slerols gi\'e this color sequence 
much more slowl 3 ’ than the unsat urate<l. ‘ ‘ If the solid sterol is used 
instead of a chloroform solution, the test is known as the Liebermann 
Reaction. 

The Rosenheim Test.^ ’ ^ Either a chloroform solution of the .st(Tol 
or the free sterol is tnuited with 90 [xt cent chloroacetic acid. Sterols or 
sterol derivatives containing or [Kdentially containing a conjugated 
system of carbon atoms’ gives an intense red color initially, which in 
some instances change's in a short time to bright l)lu('. 

Since these tests are carric'd out in the presi'iice* of del^ydrating figents, 
the course of the reaction ma\' involve dehjairation as a first stage*. 
The colored substances are prol)al)l\^ halochromic salts. 

Molecular Compounds. One of the charactfTistics of the sterols 
is their ability to form molecular compounds and mixed cr>'stals with 
other sterols. By means of melting-point diagrams, I>‘ttre’**’’ hjis 
studied the relationship between those tendencies and Htruetun*. If 
cholestanol and coprostanol (coprosterol) and their epimers are us<*d as 
example's representing all tin* possible arrangtamads with r(*.s|X'ct to the 
Cho — CH 3 group at the points of as^mirnetry, C 3 and C-j, the following 
relationships obtain : 

C.-OII C,-II Cr-on C* II 

Cholestanol m trans Coprostanol ru m 

JE/picholestanol Iraru^ tram E j/icoprosUiuol tram cu 

^10 Salkowski, Z. physiol. Chem., 57 , 523 (190S). 

Liebermann, Bcr., 18 , 1H03 (1885). 

Burehanl, Chem. Zeyitr., 61 , (I), 25 (1890). 

Sehoenheimer and Dam, Z. jikyaiol. Chem., 215 , 59 (1933); MorRareidge, J. Bid* 
Chem., 109 (Pro(M*edingfi), Ixini (1935). 

Rosenheim, Biochem, J., 23 , 47 (1929): Rosemheim find Callow, 25 . 74 (1931), 

Sehoenheimer and Evans. J. Biol. Chem., 114 , 507 (1030). 

Lettre, Ann., 496 , 41 (1932). 
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Compound formation takes place between cholestanol and epicopro- 
stand, or between coprostanol and epicholestanol. Molecularcompounds 
arc formed, therefore, by pairs which are structurally dissimilar with 
respc^ct to both the C3 — OH and the C 5 — H. Tint spatial position of the 
hydroxyl group appears to be the determining factor, since iiuisking the 
hydroxyl by acetylation destroys the capacity for compound formation. 
One of the coinix)nents of a pair may be replaced by a structurally similar 
compound ; for example, ergostanol, 3(a«j-hydroxy-24-methylcholestan<‘, 
forms a mol(*cular compound witli epfcoprostanol. 

Mixed crystals are formed by sterols and 5,6-dihydrosteroIs, as witli 
the pairs cholest(Tol-choIestanol and ergosterol-<iihydro<*rgo.sterol. H(Te, 
too, the hydroxyl group plays a part, but a minor one, for acetylation 
does not int(*rfer(‘ with mixed crystal formation, whcTeas replacement 
of the iiydroxyl l)y hydrogen doe.s. 

Bromination of Sterol Ketones. Substitution of bromine in the 
sterol ketones probably takes place by addition of the halogen to the 



double bond of the enolic form of the ketone followed by loss of hydrogen 
l)romide from the addition product. Support for such a mechanism 
comes from th<' lx'ha\'ior of the sterol ketoiuis toward acid chlorides: 
At room tem[)erature unsaturated chlorides are formed, but in boiling 
toluoiK*, where Itydrogen chloride is eliminated as rajadly as it is pro- 
duced, enol testers are obtained. Thus at lower temperatures 
cholestenone (X) is converted by acetyl chloride into 3-chloro-3,5- 
cholestadicne (XII), and at higher temperatures the cnol acetate (XI) is 
Rugicka and Fisrher, Hdr. Chim. Ada, 19 , 806 (1936). 
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formed. Probably the enol acetate results at lower temperatures, too, 
but is acted upon by the liberated hydrogen chloride. 

The monobromo ketones, 2 -bromocholestanone (XIII) and 4-bromo- 
coprostanone, from cholestanone and coprostanone, respectively, lose 
hydrogen bromide when treated with pyridine. In both, an ethylenic 
linkage in conjugation with the carbonyl double bond is produced. Since 
the yields with 2 -bromocholestanone are smaller than with 4-bromo- 
coprostanone, it is reasonable to assume that the bromine is held more 
firmly at C 2 than at Both these monobromo ketones form 

dibromo derivatives. Opinions differ as to whether the product from 

2 - bromocholestanone is 2 , 2 -dibromo (Ruzicka) or 2,4-dibromo (XIV) 
(Butenandt), but there is agreement that 4,4-dibromocoprostanone is 
the probable structure of the isomer. Ruzicka bases his for- 
mulation on the fact that dibromocholestanone reacts with ^>-phenylene- 
diamine to give a quinoxaline. Butenandt,^ on the other hand, finds 
that potassium acetate converts dibromocholestanone to cholestan-3,4- 
dione (XV).* The structure of this dione follows from its conversion by 
hydrogen peroxide to dih> dro-Diels' acid (XVT), and its preparation 
from cholesterol hydrochloride (XVIl). 

Hydrogen chloride adds to the double bond of cholesterol to give 

3 - hydroxy- 5 -chIorocoprostane (X\’II) (probable structure in analogy 
to addition of bromine, p. 12G9). After oxidation to the corresfx)nding 
ketone (XVHI), bromine substitutes at C 4 with the formation of a 4- 
bromo- 5 -chloro ketone (XIX). Removal of hydrogen and chlorine is 
readily accomplished to produce an a, ^-unsaturattnl monobromo ketone. 
Treatment of the bromochloro ketone with potfissium acetate in acetic 
acid gives cholestan-3,4-dione and some cholestan-3,6-dione (XX); the 
formation of the latter probably takes place through allyl rearrange- 
ment. ^ ^ ^ Cholestan-3,4-dione absorbs strongly at 280 mg, and appe^ars 

Butenandt and W’olfT, Ber., 68. 2091 (19.3.'>). 

Butenandt, Schramm, WolfT, and Kudszu.s, Ber., 69 , 2779 (1930). 

Ruzicka, Bosshard, Fischer, and Wirz, f/c/r. Chirn. Ada, 19 , 1M7 (1930). C/. Dane, 

"Wang, and Schulte, Z. physiol. Chem., 245 , 80 (1937). 

* Later work by Inhoffen, Ber,, 70 , 1695 (1937), confirms Butemandt’s formulation of 
the dibromo product from cholestanone as 2.4-dibroniocholestunone. \Vhc*n the dibromo 
ketone is treatefJ with potassium benzoate in butyl alcohol, two monolwjnzoyl products 
are obtained. The less soluble of these monolHjnzoates, rn, p. 177®, [alp -b 25.9, yields 
chole8tan-3,4-dione on hydrolysis, but the more soluble Ixjnzoate, ra. p. 137-138^ 
[alp *4- 58, gives cholc8tan-2,3-diono. The structure of the 2,3-dione was established by 
oxidizing it to the corresponding dicarboxylic acid, a compound j>reviou8ly investigated 
by Windaus and Uibrig, Ber., 47 , 2384 (1914). With o-phenylenediamine, cholestan- 
2,3-dione forms the same quinoxaline that Ruzicka obtained from the dibromocholestanone* 
As these results show, two kinds of reaction take place in the treatment with potassiuiii 
benzoate — substitution of benzoyl for bromine and the production of an ethylenio bond. 
The enols formed on hydrolysis rearrange to give tiio two dionea. 
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to have the structure of a diosphenol, since it gives a red color with 
ferric chloride, and is converted by acetylation into a rnonoenol acetate 
with strong absorption at 240-250 m/x (c/. cholestenone, p. 1239). 



XVI Dihydro- 
Dieis’ ftcid 



XX CholestAD* 
3,6-<lionc 


A mon* complex situation Ls presented in the interaction of bromine 
and A'^-cholesUuione (X). Bromination of A”*-<diolestenone in etlaT- 
ac{‘tic acid takes place at C 4 and CV*. I he (mt ranee of bromine is condi- 
tioned by the pmstmce of hydn)gen bromide, since no bromination occurs 
in the prestmce of potiussium ac(‘tate. The mechanism of tlu^ reaction is 
inU^raction lx‘tw(Hm an enol and bromine. This is shown by the fact that 
the enol ac(*tate of choU'stenone takes up one molecult' of bromine to givi^ 
a monobromo unsaturated ketone. In the presence of hydrogen bromide, 
the latter is substituted to a dibromo ketone. The course of the trans- 
formation, XXI-XXV, is that of Inhoffen. ^ 

Inhoffen. Ber., W, 2141 (1936). 
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XXIII XXIV X3CV 


The dibromo ketone forniiKl by oxidizinf^^ ch()l(‘sten)l dibromide 
(XXVI) reacts with bromine to give two ster(H)Lsorneric products. 



XXVUla 
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Bromination in ether gives a bromo ketone dibromide (XXVII) 
of m.p. 137-138®; in acetic acid an isomer of m.p. 106° is formed. 
Both products react with alcohol to give the same cholest(;ndione ethyl 
ether (XXVIII or XX Villa), The tribroino ket<^ne los(*s hydrogen 
bromide, when treated with potassium acetaU.‘, to form an unsaturated 
dibromo ketone (XXIX) which absorbs strongly at 248 m^u, and wliich 
goes over to the dione ethyl ether when h(;ated with ethyl alcohol and 
hydrogen bromide. The dibromo ketone is probably an intermediary 
product in th(‘ conversion. 


The Zoosterols 

Cholesterol is the principal animal sterol, and is found in all animal 
tissu(\s. At one time, it was thought that all the sterols associated with 
the animal kingdom had the same carbon content as cholesterol. One 
of the supporting facts for this view was the isolation in 1872 of “ iso- 
cholesterol " from wool fat.^“^ Since that time thLs ‘C^terol ” has 
Ix^en resolved into two compounds: agiK^stfTol, ^ * CaoHisO; and 
lanosterol,^ CaoH^eO. Apparently neitluT of tlu^se substances Ls a 
sterol. The isolation from animal ti.ssues and excreta of a number 
of sterols of higluT and lower carbon content than cholesterol hits defi- 
nitely disjK)sed of the oldcT Ixdief. 

Cholesterol ( 3 (cf s)-Hydroxy-6-'Cholestene]. The cholesterol content 
of different animal ti.ssues varicts from a few hundredths of a per cent 
to 4-5 cent.* Although cholesterol is doubt l(‘ss of gn‘at importance 
to animal life, no specific function can Ix' jissigned to it. Caaierally it Ls 
df‘scrib(‘d as an e.ssentiiil coiLstituent of cells, Init its synthesis and 
metabolism are obscure. Biochemical iinestigations h:ive established 
the following facts: 

1. Cholesterol, allocholestcTol and ostreasterol apjx^ar to l)e the only 
sterols that are absorlx'd from the int(‘stinal tract.*-’ Of these only 
chol(*.sten)l is readily absorlxal. The allocholesterol may rearrange to 
chol(‘sterol in tlie intestine.*-® 


Inhnffpn. Brr.. 69 . 1134. 1702 (UXIG). 

‘*\S<'hulj5o. Ber., 6. 1075 {1S72); 6 . 251 (1873): 31 . 1200 (1S9S). 

W'iikImuu ami T»<‘hiHW'ho. Z. phuxinl. Chcin., 190 , r>l (1030). 

Dorov and Garratt, J , Soc<. Chem. Jmi., 52, 1*1 IT. 355T, (1933). 

Schulie, Z. j>hy$iol. Chern,, 238. 35 (1936). 

For cholentprol content of various tiwuo see Lettr(^' and Inhoffon, Monograph, p. 98. 
SchotMiheimor, Science, 74. 579 (1931); Dam. Bufchem, J., 28. 815, 820 (1934); 
8iK>tTy and Bergmann, J. Biol, Chem., 119, 171 (1937). 

*** Sehoenheinier, Dtaii, and v. GotUx'rg, J. Biol, Chem., 110 , 607 (1935). Later work 
by Schoettbeiiucr, reference 139, shows that the allocholesterol used was impure. 
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2 . Vertebrates are capable of synthesizing cholesterol. A mouse 
on a cholesterol-free diet can synthesize 1-2 mg. per day; the rate of 
synthesis is dependent on the supply of cholesterol from external 
sources, the synthetic activity serving to make up any deficit. 

3. Destruction of cholesterol occurs in the organism, but the inter- 
mediary metabolism is unknown. Some of the sterol is excreted in the 
bile, and dihydrocholesterol is excreted through the wall of the large 
intestine.* Cholesterol is excreted in the urine to the extent of 1 ing. 
per liter. ' ^ ® 

4. About one-third of the cholesterol of the blood is present as esters 
of the higher fatty acids, but in certain diseases the ratio of cholesterol 
to cholesterol ester is reversed in favor of the ester.* 

£^icholesterol [3 (trflns)-Hydroxy-4-cholestene] . The stereoisomer of 
cholesterol, cpicholestcrol, has not been found in nature, but is obtained 
by synthetic methods. ' •'* ‘ By the procedure of Marker cholesterylrnag- 
nesium chloride is treated with oxygen and the oxygenated product 
hydrolyzed to a mixture of cholesterol and epicholesterol. Ruzicka 
reduces A"-cholestenonc (see below) catalytically in the pre.sence of 
the Raney-nickel catalyst to a mixture of the two sterols. Both workers 
have separated the mixture by precipitating the cholesterol witli digi- 
tonin and extracting the cpi'cholesterol which does not fonn an insoluble 
digitonide. On a large scale ep; cholesterol can be separated from 
cholesterol by crystallizing first the acetates and then the benzoati\s 
from ethyl alcohol. 

By the use of cholesteryl chloride (p. 1260), a compound in which 
inversion at C 3 has already Den produced, Marker'-*’ in his latest 
work has developed another method for the conversion of cholesterol to 
eptvholestcrol. Oxidation of the chloride with chromic acid and acetic 
acid at 55° gives 7-ketocholesterj’l chloride in a yield of 25 p«!r cent, and 
from the ketonic chloride a mixture of 7-ketocholesteryline and 7 -keto- 
epfcholcsterol is formed by treatment with potassium acetate. Spt- 
cholestcrol is obtained when 7-keto-epi cholesterol is reduced by the 
method of Wolff-Kishner. 

The Cholestenones. \Mien cholesterol dibromide is oxidized with 
chromic acid and debrominated with zinc and acetic acid, A^-choles- 
tenone, m.p. 80°, [ajo -|- 88 . 8 , Ls obtained (p. 12:19). If the debromination 


Schoenheimer and Breusrh, J. Btol. Chem., 103, 439 (1933), 

^" Butenandt and Dannenbauin, Z. phyniol Chan., 248 . 151 (1937). 

♦For discussion of cholesterol xnetalKdism iwh> Bills, Phymiol. Hit., 18 , 1 (1935) and cur- 
rent volumes of "Ann. Rev. of Biochem,” 

Marker Oakwood, and CrnokH. J. Am. Chem. Soc.. 68. 4Sl (m.'W); Marker, KiiilUD. 

“"J Goldberg. Udv. Chim. 

ActGf 19 . 1407 (1930). 
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is carried out in weakly acidic alcohol, a double bond is introduced with- 
out rearrangement, and A'^-cholestenone, m.p. 127°, [ajn — 4.2,^^^ is 
obtained. The latter compound is readily rearranged into the former. 
An important place in the metabolism of cholesterol has been suggested 
for A'^-cholestenone. The sterol mixture present in the feces of man 
and other Carnivora is largely coprosterol with small amounts of dihy- 
drocholesterol and traces of cholesterol.*'^'^ Since the bile contains 
cholesterol and some dihydrocholesterol, * there must be a biochemical 
mechanism to account for the formation of the stereoisomer coprosterol 
[3(m)-hydroxyc()proHtanf‘l. At on(‘ time allochoh'Sterol (XXX) was 
thought to be the intermediary suUstanc(% but careful s(*arch has fail(‘d 



to reveal even traces of allochohvsterol in animal tissues.**^'' Schoen- 
heimer*-^* has 8Uggest<‘d that A'*-chol<‘Steuon(* is the intermediary sub- 
stance in the foniiation of coprosterol. As (*vid(*nc(‘ of this, added 
A ^-chol(\stenon<' brings al>out an increase^ in fecal coprosterol in dogs on 
a meat di(‘t but not in thosi^ on a dog biscuit diet; with the latter diet, 
th(‘ choh'sterol output is increjuscnl. Similarly, the conversion of copro- 
stanone to coprosterol lias IxMm shown with tlu' use of the deuterium 
derivative, copro8tanoiu‘-4,5-dj, Th(‘ C4>lon apFHUirs to b<‘ the site of 
fonnation of coprosterol. ‘ 

AUocholesterol. Inten*st in allocholesterol as an intermediary sub- 
stance in the metabolism of cholesterol is of many years’ duration; 
yet pure allocholesterol was first pn^partni in 1936. The difficulty pre- 
sented in the pn^panition of this substance well illustrates the nature of 

But^nandt and Schniidt-Thom^, Ber., 69 . HS2 

*** HchiM'iihwimi'r and ro-workora. Z. ffhyinol. Chetn. 199, 73 ( l')3()). 

*** Schoenhaimor and Hrdina, ihUi., tl9» ISl (1932). 

*** Sehofjnheiim'r, Dam. and Gottlwrn, J. Biol. Chem., 110, 059, (>67 (1935); Evans, 
ihid,, 110, 449 (1936). 

**• Schoenheimer, Ritt-€i'nl>erg, and GnifT. Ill, IS^l (19;i5), See, also, Rosenheim 
and WeUter, Naiur$, ISO, 474 (19;i5), 

Oaitlner, Gainsborough, and Murray, Biochem. J., 29, 1139 (1935). 



1280 


ORGANIC CHEMISTRY 


sterol chemistry. Cholesterol adds hydrogen chloride in anhydrous 
media to form the so-called cholesterol hydrochloride (XVII). When 
the hydrochloride is treated with anhydrous potassium acetate, hydro- 
gen and chlorine are rernovc^d, and a new substance (the old allocholes- 
terol), m.p. 120-121'^, isomeric with cholesterol, is obtained. When 
reduced, this substance gives a poor yield of coprosterol and some 
cholesterol — presumably the low yield was due to a rearrangement in 
part back to cholesterol. ^ Actually the product isolated is a mixture 
of allocholesterol and cholesterol. This has been shown by Evans 
and Schoenheimer, ’ ^ who n^duced A’^-cholestenone with aluminum 
isopropoxide to form a mok'cular addition compound, m.p. 141°, of 
allochok'sterol and (■p/allochok'sterol. R(‘solution of the molecular 
compound could not be efTect(‘d by crystallization, but digitonin precipi- 
tation removed the allochok'sterol. Only coprosterol could lx* isolat(‘d 
from the product of catalytic hydrogenation of allochok^sterol, but from 
epfallocholesterol both cp/coprosterol and epulihydrochokvsterol werf' 
obtained. Both allocholestcTols are easily d(diydrated by alcoholic 
hydrocholoric acid. The prcvluct of the dehydration is 3,5-cholestadi(‘ne, 
although it was first reportcnl to b(' 2,4-cholestadi(‘n(‘. 

When A^-cholestenon(‘ is naluced with sodium, a molecular com- 
pound, rn.p. 160°, of dihydrocholesterol and cp/allocholesterol is 
obtained. I'ho mok'cular compound wiis at one tiruf' n'garded as an 
isomer of cholesterol and was known as /^-cholesterol. 

The Cholestadienes. ('liolesterol can lx* dehydrated by distilling from 
anhydrous copper sulphate or by various other methods. Tlu* dehydra- 
tion product is known as cholesterikme. Ilecently B(*rgmann ‘ * has 
studied the structure of this compound and from its redact ions luis con- 
cluded that it is a 3,5-cholestadien(*. As proof of th(* corn^ctness of this 
formulation 3,5-chol(‘stadi(*ne was preparinl from 7-k(‘tocholest(‘r>d 
acetate by splitting off acidic acid and reducing the carbonyl at C 7 by 
the Wolff-Kishni'r nu*thod. In this conversion the carbonyl at C 7 
served to stabilize the double bond at C.-,. An isom(*r of chol(*steril(*ne, 
2,4-cholestadiene, may be obtained by heating chol(‘8terol over alum- 
inum oxide and distilling tin* product. On tn‘atm<*nt with hydrocholoric 
acid, 2,4-cholestadi(uie is rearranged to tlie 3,5-dien(‘. 

The two cholestadieni's show a numb(*r of interesting difference's. 

Windaus, Ann., 447, 233 (1926); 453. 101 (1927). 

Evans and Schoonbeimer, J. Am. Chan. Soc., 68, 182 (19.36) ; J, Biol. Chem., 114, 
667 (1936). 

Diels and Linn, Ber., 41, 260 (1908); Evans. .Jr. and .S< hoenhc*imer. J. Biol. Chan., 
115, 17 (1936); cf. reference 97. 

^^^Stavely and Bergmann, ./. Or/?. Chem., 1, 567. 675 (1936). A good bibliography to 
the earlier work is given in the first of these articles. 



THE STEROLS AND RELATED COMPOUNDS 


1281 


The physical properties are: 3,5-chole8tadh^ne, m. p. 78-79®, 
[a]D~64 (CHCI3); 2,4-cholestadiene, m.p. 63®, [ajn +114 (CHCI3). 
The shift in specific rotation from negative in the 3,5-(liene to positive 
in the 2,4-diene is further evidence that the assigned structures are 
correct, since Callow and Young (p. 1261) have noted that compounds 
with unsaturation at A'* show a less positive rotation than those with 
unsaturation at A**. The 3,5-diene adds mal(‘ic anhydrid(‘ (p. 593) with 
difficulty and the acid form(‘d by hydrolysis gives insoluble alkaline 
salts, thus differing from the other known maleic acid addition com- 
pounds in this group. On the other hand, the maleic acid addition 
product of 2,4-cholestadi('ne forms soluble alkaline salts. 3,5-Cholesta- 
diene has an absorption sjx'ctnim with maxima at 229, 235 and 244 m^u, 
while that of the 2,4-diene is at 260 ni/Lx. On catalytic rc'duction 3,5- 
cholestadienc^ is hydrogtuiated to choh'stane (80 [X‘r cent ) and coprostane 
(20 fKT c(*nt), but 2,4-cholestadiene is quantitatively converted into 
coprostan(\ 

Th(* [)robl(*m of tlu^ struct un* of cholestiTihaie is not complet(‘ly 
solved, however, for there is a modification of this compound with a 
specific rotation of --97.5. Th(‘ cours<‘ of the addition of maleic acid 
anhydride to 3,5-chol<*stadiene also re(|uires study, since it is unusual 
for a compound with unsaturation in two diffiTtuit rings to ri^act with 
maleic anhydride*. 

Sterols from Lower Forms of Animal Life. I'rom oysters and clams 
the characteristic sterol, ostr(‘j4sterol, C+dlisO, has Imhui isolated.^"*" 
It.s structure Ls not completely known, but hydrog(‘nation converts it 
to sitostanol (7-sitostanol?). An ostretisterol 11, m.p. 121-122®, has 
iK'en descrilied also. 

The eggs and oil of the .silkvvonn contain a mixture of cholesterol and 
sitosterol which at one time was n'gard(*d as a definite comf>ound. ^ 

It is uncertain whetlu'r the sitosterol originate.^ from the diet or whether 
it Is synthesized by the worm. These and other sterols from the lower 
forms of animal and plant life* are of interest, as they suggest a rela- 
tionship betw(?en the stage of evolution and the tyjx* of sterol fonned. 
Until the role of the sterols is understood, however, it is impos,sible to 
evaluate such an evolutionary process if one exists. 

Pregnanediol and A//opregnanediol. From pregnancy urine of 
women two isomeric dihydroxysterols, pregniuiedioU^^ and n//opreg- 

*** Borgmann, J. Bu)l, Chem,, 104, 317, (1934). 

Bergmaun. itnd,. 107, 527 (19,34): 117. 175 (19,37). 

♦ ('/. li»t in monograph of Lt'Un'' and InhofTon. p. 109; Srhulio, roforonrr 120. 

BuU'iuindt, Her., 63, 659 (1930); Butenandt, Hildobrandt, and Brurher. Bcr., 64. 
2529 (19,31) ; Voiining and Browno, Proe. See. Exptl. Biol. Med., 34, 792 (1930) ; Odell and 
Marrian, Biochem. J., SO, 1533 (HK16). 
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nanediol,*^® C 21 H 36 O 2 , have been isolated. Both compounds are 
presumably formed by in vivo reduction of the hormone progesterone 
(p. 1367). Pregnanediol is excreted as a glucuronate, from which it is split 
by boiling with hydrochloric acid. In the ninth month of pregnancy 
the amount of pregnanediol excreted amounts to 20- 25 mg. per liter 
of urine, ^flopregnanediol is present in about one-fifth of this amount. 

The structure of pregnan('diol (3(/m«s), 20-dihydroxypregnane] has 
been established through its conversion via pregnanedione to the hydro- 
carbon pregnane (XXXI). The constitution of this hydrocarbon 
follows from the fact that it is fonned by Clemmensen reduction of 



XXXI l*rennai»« 

( IT-ethyletiocholaae) 

etiocholyl methyl ketone (p. 124Hj. The allocation of the hydroxyl groups 
is most simply shown by the con\'(T.sion of pregnanediol to progesterone 
(see p. 1369.) Similar transformations have establishf^d the structure of 
oZZopregnanediol. Neither pregnan(*diol nor a//opr(*gnan(*diol forms an 
insoluble digitonide and then'fore the (' 3 — Oil in both compounds is 
trans to the Cio — CH 3 . Wh(m the mixture of pn^gnanediol and cdlo- 
pregnanediol from pr(‘gnancy urim^ is oxidiiMul with chromic acid, a 
mixture of the corresponding diketon(\s is obtained. Crj^stallization 
from acetone yields the more sparingly soluble a/iopregnanedione, 
m.p. 199-200®. On catalytic reduction in acetic acid with platinum 
oxide aZfopregnanedione is converted to an a//opregnanediol, m.p. 
195-196®, which forms an insoluble digitonidi*. Thus the natural 
pregnanediols are compounds in which the Oa — OH has an epi 
configuration and the aWopregnamHiiol prepared by synthetic methods 
is one in which the C3 — OH has a nonnal configuration. 


Hartmann uml IxH-her, Heir. Chim. Acta, 18 , 160 (1935). 
i4« Marker, Kamm, .lone.s, and Oakwood, J. Am. Chem. Soc., 59, 014 (1937); Marker, 
personal comnuinicatiou. 
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The Phytosterols 

A large number of sterols have been isolated from plants,* but most 
of them have been so poorly characterized that there is considerable 
uncertainty as to which are definite chemical individuals. Stigmasterol, 
C29H48O, is the only plant sterol to which a definite structure can be 
assigned. Sitosterol, which has been described Jis the chief plant sterol, 
appears to he a mixture of at least four components. To the specific 
plant sterols, a-spinasterol, C28H46O (?), from spinach and senega root, 
fucosterol, C29H48O, from bladder wrack, and cinchol, C29H5(>(), from 
cinchona bark, definite structures cannot be assigned. 

Stigmasterol [3(ci5) -Hydroxy- 24-ethyl-6,22-cholestadienel. Al- 
though the plant sterols are widely distributed, only soy and calabar 
bean oils contain enough stigmast<‘rol (XXXI 1) to b<^ considered fis 
sources of the st^^rol. From soy bf^an oil, stigmasterol is conveniently 
separated as its sparingly soluble acetate tc*trabromide from the accom- 

CH, CH, 

T I / 

CH-CH«CH~CH-CH 



|)anying sitosterol. The struetun* of stigmasterol was detennined by 
Fernholz, building on the earlier work of (liiiteras. ^ The steps in 
the structural investigation were the following: DetcTinination of the 
empirical formula characterization of part of the side chain and 

location of the side chain do\jble bond by ozone degradation to ethyl- 
isopropylacf'taldehyde;* oxi<lative degra<lation of the acetylated 
5,6-dibromosterol, followed by di^bnunination to ^-3~hydro\y-5-bis- 
norcholenic acid; chromic iickl oxidation of stigmastanol to /3-3-hydroxy- 
norcholanic acid ; and location of the nuclear double bond at C'5 : Cg by 
a series of transfonnations analogous to those described for cholesterol 
(p. 1236 et aeq.). Stigmasterol gives an insoluble digitonide. This sterol 

* For parti li»t« “Biorhembehes Handloxikon” (1923), X, 179; (1933), XIV, 826. 

Fernholi, *07, 128 (1933); W8. 215 (1934) ; Fernholi and Chakravorty, Bcr.. 

•7. 2021 (1934), 

Gui torus, Z, pkympl. Chern,, 114 , 89 (1933). 
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is one of the few compounds that can be degraded to the hormone 
progesterone. 

Sitosterol. Anderson and co-workers ^ ^ ® were the first to show that 
sitosterol is definitely a mixture, containing, according to their work, 
a-, /S-, and 7 -sitosterol.* The kist of these is the least soluble, and the 
first, the most soluble. The comparison which Bengtsson later 
made of / 3 -sitosterol and its derivatives with the various derivatives of 
stigmasterol indicates that /3-sitosterol is identical with 22-dihydro- 
stigmasterol. ^ ^ ^ Apparently 7 -sitosterol differs from i3-sitosterol merely 
in the stereochemical arrangement of the principal side chain. Wallis 
and Fernholz ^ ^ in 1936 were able to separate the so-called a-sitosterol 
into two fractions: ai- and a 2 -!sitosterol, with the composition and 
physical properties shown in Table II. All the sitosterols are precipi- 
tated by digitonin. 

Other Plant Sterols. Most of the other plant sterols that have been 
described have not been investigated enough to characterize them defi- 
nitely as sterols. Cinchol,^ how(‘ver, ha.s been dc^graded through the 
stage of epfdiliydrocinchol to the male hormone, androsterone, ' and 
is, therefore, definitely a sterol. The physical pro{KTti (*8 of cincliol 
are very close to those usually given for crude sitosterol, and further 
investigation may reveal identity b<‘tweon one of the sitosterols and 
cinchol. 

In the cases of a-spinasterol ’ * and fucosterol, ^ the corresponding 
stanols and various derivatives hav(‘ been pn'pared. Heilbron ^ has 
compared the fucostanol series with stigmastanol derivatives and has 
found excellent agreement in tlndr physical properties. A comparison 
of the data of Larsen and HeyL"'^ with tho.se of Heilbron shows that 
a-spinastanol, also, has the same properties as stigmastanol. Should 
identity be established definitely, the comix>sition of a-spinastanol 


Anderson and Shriner, J. Am. Chem. Soc., 48 , 2970 (1920); Anderson, Shriner, 
and Burr, ibid., 48 , 2987 (1920). Cf. Ruzicka and Eirhenljerger, Hdr. Chim, Ada, 18 , 
430 (1935). 

* e-Sitosterol, m. p. 143-144®. (a]D~3H.7 (ChCl»), has boon ioolutod by 

Simpson and IMlliams, J. Ckrm. Soc., 733 (1937) from Karsaparilln root. 

Ben/?t8sr)n, Z. physiol. Chem., 2Z1, 40 (1935). 

Wallis and Fernholz, J. Am. Chem. Soc., 58 . 2440 (1930). 

Hesse. Ann., 228 . 294 (1885); Liebermann. Her., 17 . 871 (1884); 18 . 1805 (1885); 
Windausand Dep^x*. Ber., 66 , 1089 (1933); Dirsoherl, Z. physiol. Chem., 236 , 1 (1936). 

“3 Dirsoherl. ilruL, 237. 52, 208 (1935). 

Hart and Heyl, ./. BwL Chem., 96 . 311 (1932); Ilcyl and Ixirsen, J. Am. Chem. Soe., 
66 , 942 (1934); J,nrsen and Heyl, ibvl., 66 , 2003 (1934); Simpson. ./. Chem. Soc., 730 
(1937). In addition to a-spinastf»rol. /3- and 7 -st©rol 8 have been isolated. y-Spiniistorol 
is obtained exelusively as a glycoside. Catalytic hydrogenation converts all the spin- 
asterols to the same spinasta nol. 

Heilbron and co-workers. J. Chem. Soc,, 1672 (1934) ; 1205 (1936) ; 738 (1936). 
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must be revised upward. These two sterols are of interest since both 
have two nuclear double bonds, one of which is probably at C5 : Cq and 
the other not in conjugation with this double bond. The low value 
( — 3 . 7 ) of the specific rotation of a-spinasterol has led Simpson^ '** to 
suggest that this sterol may not be unsaturated at Cr> : Co. dlie elucida- 
tion of the structures of these sterols may reveal new variants in the 
general sterol picture. 

The Mycosterols 

Ergosterol is the principal sterol of yeast* and fungi. In addition to 
ergosterol, zymosterol, C27lii40, «-dihydroergo.storol, and the ix)lyhy- 
droxy stfTol, cerevisterol, ('20H44O3, have been obtained from yejust. ^ 
L'ungisterol, C2rJl440, lias IxHm Lsolated from several kinds of fungi. ^ 
With the exception of (*rgo.sterol and a-<.liliydro<TgosteroI, all these 
compounds are open to qiu^.stion and may not b(‘ sti‘n>ls. 

In g(*neral sterols are not pn*sent in bacteria, Init .‘^mall amounts of 
an unknown sterol hav<* lK*en d(*monstrat<‘d in Azohacler chrcKX'occum. ^ 

Ergosterol (3(cis)-Hydroxy-24-methyl-6,7,22-cholestatriene]. Pure 
ergosterol wiis apparently first obtained by Taiirel ^ ^ in 1908 , 
although he doubtless had nearly pure preparations some time before 
this. The st4*rol attract<‘d little attention until 1926 - 1927 , wht n it was 
tliscovered that irradiation with ultra- viohd light C(4nv(‘rts it into 
a vitamin D, Subsecpuuit work h:is shown that ergostiTol is tiu^ principal 
yeiist stiTol, d'he contfuit in yviisi varii^.s considerably in th(‘ different 
s[K»cies, ^ and is infliumced gri*atly by th(‘ nature* of thi* substrate on 
which the y(*a.st is cultunnl. ^ For yi‘ars ergosterol was thought to 
have the formula ('27H42O, but more n‘cent analysi's by Windaus*^^ 
have d<*finit(*ly (*stablished the com{X)sition to be C2SII44O. The 
c^mipound is a tri|)ly unsaturateil homolog of tdiok'sterol. The structure 
of ergost(‘ro] (XXXI 11 ) luus Ixaui detennined principally by Windaus 
and his school at Gottingen. B(‘caus<‘ of the importance of this sterol, 
the details of the investigation follow: 

Hftiall amount of krypto^^torol, m. p. 135- l.'tCi'’, (ajn -f (CHCb^ is present iu 
yo.'W»t. Thij* eoiii{x>un(j is <»f interest since it form.s .an insoluble digitonitlc hut apparently 
is not a sWrol; it apiM*ars to 1 h* i,*k)menc with lanosterol (p. 1277) (Wieland, PaiKHlach, and 
Hallnuf, Ann.. 619. <VS (1937)]. 

Maclean, tiiochem. J., tt, 22 (1928); CiUlow, ibid., 25, 87 (1931 1 : Iloneyw^'ll an<i 
niU«. J. Hud. Chrm.. 99. 71 (1932); 103. 515 (1933); Wieland and Kanaoka. Ann.. 630, 
140 (1937). For Ii«t of oUier ytvwit 8t<*rol« i»oc» raoiioRraph of .and InhofTon, p. IIS, 

Taiiret. Com/*/, rend., 147. 75 (1908); Ann. chim. phya., 8. 15. 313 (PK)S). 

.Anderj«on, Hchcxmhcimcr, Crowder, and SPnlola, Z. phyaiol. Chem., 237, 40 (1935); 
8ifTerd and Andoriiion. ifrui., 239. 270 (1930), 

Tanrot. Cwnpt. rend.. 108, 98 (1889); Ann. chim. phya., 6. 20. 2S9 (18VK)). 

Heidimt'hka and Lindner. Z. phyaial. Ckem., 181, 16 U929). 

HiUji and co-workcni, J. Biol. Chetn.. 87, 259 (1930); 94, 213 (1931). 
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1. The structure of the side chain was established by studying the 
action of ozone on ergosterol,^^® and of the products of chromic acid 
oxidation on a partially reduced ergosterol. In this way a double bond 
at C 22 and a methyl group at C 24 were placed through the isolation of 
isopropylacetaldehyde and thujaketone (III), respectively. 

2. For the determination of the nature of the nucleus and the posi- 
tion of the hydroxyl, it was nt'cc^ssary to have the completely saturated 
ergostanol. This was finally achieved by ReindeP*^^ through catalytic 



CrOs oxidation and 
deacetylaUoo 





reduction of ergosterol with the Adams catalyst. From the saturated 
sterol the hydrocarbon ergostane was prepannl. ( ■hromic acid oxidation 
of ergostanyl acetate (XXXIV) gav(* /3-3-hydroxynorn//ocholanic add^^® 
(XXXV) of ergostane nora/Zocholanic acid.**'* Thes^* two transfoima* 
tions determined the nature of the nucleus, placed the hydroxyl at Ca, 
and confirmed hypotheses based on the study of the dicarboxylic acids 
obtained by opening ring A. * 

Rdndel and Walter, Ann,, i60, 212 (1928). 

Fernholz and Chakravorty, Ber., $7, 2021 (1934). 

Chuang, Ann,, 500, 270 (1933). 

Reindel. Ann., 466 , 131 (1928). 
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3. The Ca hydroxyl was shown to be part of an a, 7-system wdth 
an ethylenic bond at Cg by a scries of reactions^ exactly paralleling 
those for cholesterol (transformation of cholesterol to cholestanetriol, 
etc., p. 1239). 

4. The absorption spectrum of ergosteroP^^ and the molecular 
refraction^ indicated that a pair of double bonds wiis present as a 
conjugated system. This was supported by the fact that ergosteryl 
acetate forms addition products (adducts) with maleic and citraconic 
anhydrides^ That the adducts w'ere formed through reaction with 
the conjugated system in the nucleus w'as established by ozone treat- 
ment^^ and reduction to dihydro comi>ounds. From these latter, the 
mal(‘ic and citraconic anhydrid(\s w^ere removed by sublimation. The 
properti(‘H of the product, 22-ilihydr(K‘rgo8ter>d ac(‘tat(% also indicated 
th<‘ pr(‘S<‘nce of a conjugatcal sy.st<‘in. 

5. A clu(* to the iK)sition of the conjugated s^^stem in ergosterol wjus 
obtained by studying the action of fuming nitric acid. From this 
reaction mixture, toluenetidracarboxylic acid was obtained. * The 
reaction is (‘Xf)lical)l(‘ by assuming th(» conversion of a partially unsatu- 
rated to a lx*nz(uu)id ring, and the wandering of a methyl group. Al- 
though th(^ mechanism is not wholly clear, the production of this acid 
placed the conjugated syst<‘m in ring B or (\ or jx)ssibiy distributed 
letween the two, and excluded the po.ssibility of its Ixdng contained 
in ring A or 1 ). 

(). FurtluT evid(‘nce for the position of the conjugated system was 
obtained l>y studying neoergosterol. Like the other dehydrosterols, 
fTgosteroI fonns a [)inacoP'^ when irradiated with visible light in the 
pres€*nce of a siuisitir/T and in tlie abscuice of oxygen. Pyrolysis of the 
pinacol splits off methane, and produces ne<H*rgosterol, * ' ^ C2:H4oO 
(XXXVI). Tlie structure' of neoergosterol was determined through a 
variety of redact ion.s. Neoergosterol contains one reactive double bond, 
which is pn'wnt in the side' chain, since ozonization of the sterol pn)- 
duces meihylisoproi>ylacetaldehyde, * This suggests that by the 
I0.S8 of methane the ring containing the conjugateil system is converted 
to a l>enzenoid stnictim'. IVwf of this was obtained by the action 
of fuming nitric acid*"’ and by catalytic deh^^drogenation * ‘ ^ of 

*** Windaun, Inhnffi'n, and Rpirhol, An«., 510 . 248 (1934). 

Aviwt'r# and Wolter, Snehr. (I'es. G*Mtingen^ 101 (1031). 

Ald«r, in “Handbuch dor biolojiifiM'hon Arlioitiaiiethoden,” Urban and Schwaraon- 
Ijorg, Berlin (lOa'i), Abi. 1, Toil 2, Halfto 2, Band 2, p. 3138. 

Windaufi and Langor, Ann., 508 . 105 (1933). 

Wiiidaua and Borgeauii. Ann., 460 , 235 (1928). 

Bon8t4*Kit. Z, phiftrid. Chem,^ 185 , 105 (1929). 

Inhoffan, Ann.. 407 , 130 (1932). 

Honigmann, Ann., 511 , 292 (1934). 
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neoergosterol. From the fuming nitric acid reaction mixture, benzene- 
tetracarboxylic acid (XXXVII) was isolated; in neoergosterol a methyl 
group is therefore no longer attached to the ring, which normally is 
converted to toluenetetracarboxylic acid. The catalytic dehydrogena- 
tion with platinum black of neoergosterol gave a phenol, dehydro- 
neoergosterol (XXXVIII). Zelinsky has shown that dehydrogena- 


Ergopinacol 

CssHeeOj 



XXXVI Neoergpaterol 


\ 






XXXVIII DchyJroncocruostcroI 


tion of a cyclohexane ring by the action of platinum black takes placxj 
only when no quaternary carbon atom is present. Thus a methyl group 
is not present at Cio in neoergosterol. l'h(‘se n‘actions limited still 
further the position of the conjugated system to rings B and C. 

7. The position of the conjugated system was finally placed at 
5:6* 7:8 by studying ergostadienetriolJ ' By the action of p(»rben- 
zoic acid, ergosterol was converted into an oxide, which on hydrolysis 
gave ergostadienetriol (XXXIX), containing two secondary and one 
tertiary hydroxyl groups.* On reduction, th(* dienetriol was converted 
to ergostanetriol (XL), which gave the reactions of an a-glycol when 
tested by the lead tetra-acetate method of Criegt'c. ^ h'vidently, 1,2- 

Zelinsky, Ber., 44 , 3121 (1911); 46 . 3078 (1912); 66 , 1710 (1923). 

Windaus and Liittringhaus, Ann., 481 , 119 (1930); Windaus, InhofTen, and V. 
Reichel, .4nn., 510 , 248 (1934). Cf. Hoilbron and co-workers, J , Chem. Soc., 1410 (1933)« 
♦ Actually two isomers are produced a» with the cholostanotriola, p. 1239. 

Criegee, Kraft, and Rank, Ann., 607 , 169 (1933). 
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addition of oxygen to the double bond at Cr, is the preliminary stage in 
the formation of the a-glycol. The other possible position for the con- 
jugated system, 6: 7* 8:9, is definitely excluded, for only by 1,4- 
addition could an additional secondary and a new tertiary hydroxyl 
group be introduced if such a system were present, and the resulting 
compound would not behave like an a-glycol. 




Isomerization of Ergosterol. By a variety of procedures ergosterol 
can Ix" isoiiKTiz(‘d. Because of partial reduction, epimerization of the 
(';j OH l)y tn'atinent with sodium ethoxide cannot be employed, but 
can Ik* us«‘d on certain derivatives of ergosterol. The other methods 
which have lanm used - th(‘ action of hydn>gen chioridi', subtraction and 
addition of water or hydrogen, addition and subtraction of hydrogen, 
and irradiation with ultra-violet light in the absence of oxj'gen — evi- 
dently prcxluce a shift of the double bonds or of the hydroxyl group or 
both. ^ " Ald(‘r ^ and Fernholz * ~ ^ have tabulated the several isomers, 
but only the changt*s produced by irradiation will be discussed 
here*. 

Irradiation Products of Ergosterol. The transformation that takes 
place when ergosterol is irradiated may be schematically represented : ^ 


Lumisterol 


Frgosterol 


\ 


Tachysterol— ^ 


Suprasterol I 

/ 

\ itamin D2— ^ Supnisterol II 
(Calciferol) 

Toxisterol 


The sequence of transformation may not be prt'cisely tis shown, since it 

Lettrf’ and InhofTen, p. l.*U of monograph, Rive a Sow aheet of those iiw>mers. 
Fernhol*. Taf>%da€i Bu*lofi%car Pertodicar, III, 

Lottr^, Arm., 611, 28U (1934). 
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is possible that lumisterol does not represent a link in the chain of 
products.* 

The chemical changes in this unique transformation are not entirely 
known, but there are enough facts to outline the nature of the reaction. 
All the irradiation products have the same side chain as ergosterol, for 
ozonization produces methylisopropylacetaldehyde in each case. 
Since none of the reaction products forms an insoluble digitonide, it was 
at one time thought that the first change was epimerization of the 
C 3 — OH. It is now evident that this is incorrect, and that probably the 
initial effect of irradiation is a spatial rearrangement of the Cio — CH3. 
The evidence for this comes from the study of lumisterol. 

Liunisterol. Of the irradiation products, only lumisterol (XLI) 
gives Diels’ hydrocarbon when dehydrogenated with selenium, or 



toluenetetracarboxylic acid when oxidized with fuming nitric acid.*^‘ 
Although lumisterol does not fonn a pinacol, there apjxuirs to lx‘ the 
same conjugated system of double bonds in ring B as in ergosterol. 
Both ergosteroP®^ and lumisteroP®*'^ are dehydrogenated by mercuric 
acetate to give dehydro compounds in which the new double bond Ls 
probably at C9 : Cn. The two compounds have t}u‘ same al)Horj)tion 
spectra, but on catalytic hydrogenation dehydrolumisterol yields 
perhydropyrocalciferol, ^ As is shown below, pyrocalciferol is a 
compound in \vhich ring B has been opened and then closed by pyrolysis. 
Clearly lumisterol originates by a photochange in the neighborhood of 

♦Absorption spectnim meaaurements show that ultra-violet irradiation convertu 
lumisterol more rapidly than ergosterol to tachysterol. For this reason it appears 
probable that lumisterol is an essential stop in the transformation [Dimroth, Ber., 70 , 
1631 (1937)]. 

Dimroth, Ber., 68 , 539 (193.5); MOller, Z. physiol. Chem., 233 , 223 (1935). 

Guiteras, Nakamiya, and Inhoffcn, Ann,, 404 , 122 (1932). 

Heilbron, Spring, and Stew^art, J. Chem, Soc,, 1221 (19.35); Heilbron, MofTet, and 
Spring, ibid., 411 (1937). 

Midler, rcferenro 180. 

Dimroth, Ber., 69 . 1123 (1936). 
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the linkage C 9 — Cio, and the only change that can be reconciled with 
the other facts is a rearrangement involving the Cio — C'H.i group. In 
accord with this the epi compounds of lumisterol and the hydrolumisterols 
give insoluble digitonides. 

Tachysterol. Lumisterol and tachysterol form maleic and citra- 
conic anhydride adducts readily. Indeed, the ease of adduct formation 
with tachysterol is so grc^at that its name (Gr. tachys, swift) is derived 
from this fact. Comparative hydrogenation of the citraconic anhydride 
adducts, or perbenzoic acid titration of the dinitrotoluyl esters of 
tachysterol and dehydroergosterol, shows an equal degrw* of unsatura- 
tion in the two compounds. * Since dehydroergosterol contains four 
double bonds, tachysterol must be equally uasaturated. But tachysterol 
is isomeric with ergosterol, and a fourth double bond can be accommo- 
dated only by the opening of one of the rings, presumabl}" ring B. 



XI. II Tachysterol 
(provutioitai) 


Structure XLII may be regardtnl as a tentative formulation of this 
“ sterol.'’ 

Vitamin D. The story of vitamin D — the discovery and the chem- 
ical characttTization of the antinichitic substances produced by irradi- 
ating foodstuffs or sl('n>ls with ultra-\ioiet light — is one of the scientific 
classics. ' In 1924 it was noted (St<H*nbock; Hess) that irmdiation 
of ftHHlstuffs with ultra-violet light pnaluces antirachitic pn>fH‘rties. 
Sulxs<H]iK*ntly tlu* fats w(*n‘ studied and a cluc^ to the nature of the 
provitamin was obtained when it was shown (Steenbock; Hc'ss; 
Roscmheim) that irradiation of the sterols resulted in veiy^ potent 
prt'parations. At first cholesteml appt'ared to be the pn^ursor of the 
potent substance, but it wiis soon found (Hess; Rosenheim; Heilbron) 

LettrA and InhofTcn, p, 290 of monoRraph. 

*•** Sherman and Smith, “The Vitamins.” Chemical Catalog Co., New York (19,'il), 
p. 293; *’ Vitamins: A Surwy of Present Knowledge,” His Majesty’s St4itionery Office, 
London <1932^, p. 73. Harris, “ Vitamins in Theory and Practice,” Macmillan Co., New 
York. 2nd Ed. (1937). 
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that the activity of the irradiated product dt'pended upon the content 
in cholesterol of a small amount of impurity with the absorption spec- 
trum characteristic of ergostcrol. This wjis taken (Rosenheim and 
Webster; Windaus and H('ss) to indicate that ergosterol was the 
provitamin D of cholesterol and the view seemed to be justified when 
finally in 1931 a very potent crystalline compound, vitamin D 2 , was 
isolated from the irradiation products of ergosterol. For a time \atamin 
D 2 was thought to be identical with the natural vitamin D of fish-liver 
oils, but bioassays showed that their physiological properties were not 
the same. The discrepancy kal in part to the study of the irradiation 
products obtained from otlar dehydrosterols and it is now establish(‘d 
that the compound obtaincMl by irradiating 7-dehydrochoIesterol is 
identical with one of th(' natural vitamin D’s. From the resume above 
it is apparent that then' an‘ sev(‘ral substances with vitamin D activity 
which may be produced by artificial nuains, and from the* bioassays 
discussed below there is evidence* that fish-liver oils contain more than 
one natural vitamin I). 

The compound now known as vitamin D 2 * or calciferol was isolatfai 
almost simultaneously by Angus, Ask(‘w, Bourdillon, ct and by 

Windaus and co-workers, ^ both groups at first obtaining a substanct* 
(calciferol, old; vitamin l^i) which was later found to lx* an addition 
product of lumisterol and vitamin I > 2 . Hy irradiating with a magnesium 
arc vitamin 1 ) 2 , practically fr(‘(‘ of lumist<‘rol, was obtairuai by Windaus, 
and, at the same tinu', the Imglish group found that calcihaol could lx* 
separated from lumisterol by cr>\stallization of th(* dinitrolx'nzoyl f*st<*rs. 
Vitamin D 2 has the following pro|M*rti(‘s: m.p. 115 117^^, |ali> + 1^*3 
(ale.), potency per mg. = 40,000 Int(‘mational antirachitic units (I.l\). 
Although the pure vitamin is stable for months at 37°, oil solutions in 
contact with air are somewhat unstabh* and the “ half lih* ” of an olive 
oil solution under these conditions is about 3 yc'ars. Physiologically 
vitamin D 2 and the other compounds with vitamin 1) activity r(*gulate 
the phosphorus-calcium metabolism, but how th(‘y function is 
unknown. ^ 

The other products formed by irradiation of e rgoshTol an* not anti- 
rachitic, but tachy8t<?rol and toxisterol can raise? a low blood-calcium 


* WindauB introduced the practice of designatinR the difTerent vitaniin» hy meariB of 
a subscript. 

Askew and co-workers, Proc. Roy. Soc. (Ix>ndon), 107B, 70 Arufus and cx>- 

workers, itnd., 108B, 340 (1931); Askew and co-workers, iMd., 109B 488 (1932). 

Windaus and co-workers, Ann., 489, 252 (1931); 498. 220 (1932). Cf. Llittrinffhaiis 
in “ Fortschritte dcr physiol, ('horn., 1929-1934,"’ Verlag Cheniie, Berlin (1934), p. 206. 

Bourdillon, Bruc<?, and W'ebster, Biochem. J., 86 , 622 (1932). 

Bills, Physiol. Rev., 15. 1 (1935). 
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level to normal. The derivative dihydrotachysterol has been introduced 
into clinical medicine for this purpose under the dc^signation A.T. 10 
(A. T. = anti tetanus). ^ ^ 

‘‘The Multiple Nature of Vitamin During the period that 
vitamin D 2 was being studied chemically, evidence was accumulating 
from biological work to show that the natural vitamin D of fish oils was 
different from vitamin 1 ) 2 , and that vitamin D activity could be con- 
ferred on cholesterol or some impurity in cholesterol. ^ The differences 
were di^finitely established when WaddelP showed in 1934 that prepa- 
rations of vitamin D 2 and of natural vitamin D, of ecjual potency in rats, 
did not have the same potency when tested on chicks, the natural lx?ing 
far more potent. Shortly InTore this it was disco ve red ^ ^ ^ that 22-dihy- 
droergosferol could be converted by irradiation to a substance with 
antirachitic proj>erties.* These two stimuli aroused interest again in 
cholesterol iis a precursor of the natural vitamin D. It was soon found 
that cholesterol may he converted via T-dehydrocholesteroP (XLIII) 



to an antirachitic substance, vitamin Da, with the same rat:chick assay 
as natural vitamin 1) conc(‘ntrates. 

The inference that vitamin IXi is a natural vitamin D has Ix^en 
confirmed by the isolation of the natural vitamin itself from fish-liver oil 
and of the provitamin from the sterols of the skin. Prior to 1936 at- 
tempts to isolate the active constituents of fish-liver oil had led to con- 

nrnl hihofTen. Monograph, p. ‘iSS. 

liillw, (\>ld Harhor Stjmjwgui Qtmnl. Buid., 3, 32S (1935). 

Wiuhicll. y. Bu}i ( hem., 105 , 711 {WM). 

*** Windavim ami Langor. Ann., 508 , 105 (1933). 

* It not until the uutunior of 1937 that the irradiation protluct from 22-dihydro- 
orgoMtcrol wnn oltttutUHl in puro form by Windaus and Trautmaun, Z. phystol. ( hem., 247. 
1H5 (1937). Vitiimin 1 ) 4 . aa the irradiation prmiuct is known, bis the following properties: 
m. p. 107"108"\ [ 4 *)i> -h 89,3 (ale.) ; ixitency per mg. ** 20,000“30,0(K) I. U.; protective 
dose for the chick, ly. 

Windau*. and Schanck, Ann., 610 . 98 (1935) ; Windaus. Schenck, and v. 

Wirdcr, Z. phytM. CKm., 141 , KXl (1930). 
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centrates of high potency, but never to the vitamin itself. In 1936 
Brockmann ^ ® ® isolated vitamin D3 from concentrates of tuna-liver oil 
and in 1937 from halibut-liver oil. ^ The isolation was effected through 
chromatographic analysis (p. 1175) by using an aluminum hydroxide of 
high activity. The dyestuff Indicator Red 33 was found to Ix^ adsorbed 
equally with the vitamin, and thus, by adding the dye to solutions of the 
vitamin, the zone of adsorption could he followed very ejisily. A con- 
centrated product from chromatographic analysis was converted into 
the 3,5-dinitrobenzoate, purified again by adsorption, and finally 
crystallized as the 3,5-dinitrobenzoate from acetone-methanol. In its 
chemical and physiological profXTties the natural vitamin D3 agrcx^s 
with the product obtaiiK'd by irradiating 7-dehydrocholester()l. Win- 
daus^^® has isolated 7-dehydrocholest(‘rol from the sterol mixture 
obtained from pigskin, \^hich was known from previous work to lye 
relatively rich in provitamin 1). Thus, from se\'eral points of attack, it 
is evident that 7-dehydrochoIesfer()l is the precursor of the natunil 
^dtamin D 3 , and it seems probal)le that the structure of the natural 
vitamin is analogous to that of vitamin Dj as descrilx‘d l)elow. 

Certain of the rat and chick jissays taki'ii from the data of Grab*^*^* 
are given in Table III. Although the absolute value for these bioassays 
may change HvS a result of improved proccnlures, the relative values are 
probably correct. It is apparent from th(‘.s(* flata that vitamin D3 from 
7-dehydrocholesterol agn^es most closf*ly with th(' known natural 
vitamin D. The potency of piir(‘ \itamin Ih is now takcui to Ik‘ 25,000 
I.U. per mg.* The 'vitamin D conte nt of fish-liver (m 1 vari(*s widely with 
species and from the ratio of rat : chick assay theTe is evideuice that 
more than one natural vitamin D is pn^sent in the.se oils. The liver 
oils from the memlx*rs of the pcTcomorph family (mack(*rel, etc.) nw 
far more potent than thos(‘ from th(> halibut or cmkI. No good (‘xplami- 
tion has been offered for the fact that \itamin I ) is pr(‘sent in fish-liver 
oil and not in other liver oils, but it has b<M n .sugg(*8ted that destruction 
of the 'vitamin takes place in the lungs, and, since fish lack these? organs, 

Brockmann, iTnV/., 241 , 104 (1930); BrcK-kraann ami C'h<-n, M/., 241 , 129 (1936). 

Brockmaiin, ibid., 245 , 90 (1937). 

Windaus and Bock, ibid., 245 , ir >8 (1937); Soo alMo Boer. Kccrink, van W'ijk, and 
van Niekerk, Proc. K. Akad. Wetemch. Amsierdam, 39. 022 { I930i. 

Grab, ifrid., 243, 03 (1930;. For Hummary of incthfKl.M (d nimny Bomskov, 
‘‘Methodik der Vitaminfonichung,” Thieme, I^ipzig (19.3."»», p. 171. Affording to Grab, 
the chick aeeays arc accurate to ±r>0 per cent. A more accurat*' bioainuty in de«cril>ed by 
Massengale and Bills, J. Nutrition, 12 , 429 (1930). 

♦A very recent assay by Schenck [NaturvyigHCMrJiaftrri, 25 , ir»9 (1937)] gives the value 
of 40,000 I.U. per mg. This author also lists the physical constants of vitamin 0i tt* 
m.p. 82-84®, [a]i> -b 83.3 (acetone). 

Bills, Massengale. and Iralx)dcn. Science, 80, 590 (19.34) ; Bills, Am. Med. Assoe*. 
108 . 13 (1937); Bills, Massengale, Imlxxleri, and Hull, J. Nutrition, 18 . 436 (1937)* 
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TABLE III 

Rat : Chick Ratio of Various Forms of Vitamin* D 


Vitamin 

Curative Dose. 
Gamma per Diem 

Iliitio, 

Rat Dose : Chick Dose 

Rat 

Chick 

D, 

0.025 

0.8 

1 : 32 


0.03 

12.8 

1 : 400 

Da, crystalline 

0.06 

0.2 

1 : 3 

concentrate 

O.Ot) 

0.8 

1 1 : 13 

crude 

0.15 

0.3 

i 

Natural D, crystalline 

0 (XJ 

0.8 

1 1 ; 12 

1 

crude concentrate 

1 5.0 

\ 

100 

1 1 : 20 

I rradiated 7-<iehydrositosteroI 

1 2.0 

i 

80 

i 

j 1 : 40 

1 rradiateil 22-<lihydro<rrgo»terol 

i 

! 05 

1 4-16) 

1 I : 8-32 


tlio vitamin accumulates. Thi' pres^mce of antirachitic substances 
in fish is also puzzling; if the \ntamin comt^s from the diet, then the 
Htructun* of the antirachitic substances in fish oils would he related to 
the plant sterols rather than to the zobsterols. Actually the antirachitic 
substances fnim th(* plant sWroh have very low potencies, for the 
Cidttingen group has found that irnuiiation of 7-ilehydro.sitosterol gives a 
priKluct of low antirachitic |:>otency*'^‘- and that the product from 7- 
dehydrostigmasterol is inact i ve. * Then* an* probably compounds with 
antirachitic projX'rtii^ other than those descrilx'd above, all of which 
re.sult from the ultra-vioU‘t irradiation of dehydrosterols. Some of the 
[KASsibilities that must lx* considennl an* the antirachitic substances 
that hav(» Ikhui prcxluct'd from cholesterol by the action of fullers 
earth, butyl nitrite, * etc. These substances may fit into or modify 
the geneml structural pattern that is d<\scribed below. 

Vi tamin D2. The structuro of vitamin D2 (XLIV) has b(*en deter- 
mined by study of the products of oxidativi* degradation of the vitamin 
or of the dihydrocalciferol maleic anhydride adduct. Pnn ious to this 

Coppens And MoU, Bwehm. Z., 109 (1933V 

Wund<»rlich. Z, phytM, Chem,. 141 , 116 (1936). See. also. Rills, Am. Me<i. Assoc., 
108, 13 (1937). 

141 , 125 (1936). ^ 

*** Yoder, J. Biol. Chem., 114, 71 (1936); Eck and Thomas, ibui., 119. (V-l, (>31 (1930* 
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work it was known from microcatalytic hydrogenation that vitamin 
D 2 contains four double bonds of which three can be detected by titra- 
tion with perbenzoic acid,^'^® and that reduction with sodium and ethyl 
alcohol gives a dihydrovitamin that perbenzoic acid titration shows to 
have three double bonds. With maleic anhydride calciferyl acetate 
forms two isomeric a- and /S-adducts which are easily reduced to dihydro 
compounds (XLV) in which the side chain is saturated. These vitamin 
and dihydrovitamin adducts are much more stable than those from 
ergosterol and tachysterol, and may be distilled without decomposition. 
Ozone, acting on the dihydro adducts, degrades them to a ketone^ 
(XLVI), C 19 H 34 O. The structure of this ketone is arrived at indi- 
rectly. Selenium dehydrogenation of the dihydro adduct forms 2,3-di- 
rnethylnaphthalene, and palladium dehydrogenation yields jS-naphthoic 
acid and naphthalene. These dehydrogenation products must originate 
from ring A and the ring system produced in adduct formation. The 
production of 2,3-dimethylnaphthalene and /3-naphthoic acid is particu- 
larly significant, since their formation shows the course of the adduct 
formation to be by addition at Co and Since the selenium dehy- 

drogenation to 2,3-dimethylnaphthalene results in the reduction of 
carboxyl groups to methyl and this kind of dehydrogenation was unique 
at the time, the result has been checked by the study of a number of 
model dehydrogenations.^'^® 

Further evidence for structure XLIV has been obtained by direct 
oxidation of vitamin D 2 with cold chromic acid or permanganate to an 
oily aldehyde^^^ (XLVII), C 21 H 34 O. The sernicarbazone of this 
aldehyde absorbs in the ultra-violet with a maximum at 275 m/x, as do 
other semicarbazones of a,/3-unsaturated aldehydes. Under other con- 
ditions permanganate oxidation yields the A^“-unsaturated ketone cor- 
responding to XLVI. Ozone oxidation of vitamin D 2 gives as high as 30 
per cent of the theoretical formaldehyde formed by the rupture of the 
methylene linkage at Cio : Cig. This last bit of evidence is not free 
from objection, however, since similar treatment of ergosterol gives small 
amounts of formaldehyde. ^ ^ ^ 

Presumably the irradiation products from the other 7-dehydrosterols 
are structurally related to vitamin D 2 . Evidently the factors that affect 
antirachitic activity are the presence or absence of a double bond at C 22 
and the nature of the group at C24. Whether changes at these positions 

Kuhn and Moller, Angew. Chem., 47 , 145 (1934). 

Windaiis, Linsert, Lilttringhaus, and Weidlich, Ann., 492 , 226 (1932). 

207 Windausand Thiele, Ann., 521 , 160 (1935). 

208 Thiele and Trautmaim, Ber., 68 , 2245 (1935). 

209 Heilbron, Jones, Samant, and Spring, J. Chem. Soc., 905 (1935). 

2^0 Windaus and Grundmann, Ann., 624, 295 (1936). 
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alter the rate of absorption from the intestine or determine the activity 
of the compounds in vivo is unknown. 

Transformation Products of Vitamin D2. When vitamin D2 is 
heated for four hours at 180 °, its potency is completely destroyed and 
two pyro isomers, isopyro vitamin and pyrocalciferol,^^^ are pro- 

duced. The nature of this isomerism has been examined by Windaus. ^ ^ ^ 
Both these compounds are triply unsaturated and give Diels’ hydrocar- 
bon when dehydrogenated with selenium, or toluenetetracarboxylic 
acid when oxidized with nitric acid.^^^* Isopyrovitamin D2 forms an 
insoluble digitonide, but pyrocalciferol does not. If isopyrovitamin D2 
is dehydrogenated by treatment with mercuric acetate or perbenzoic 
acid, dehydroergosterol is obtained. Pyrocalciferol, on the other hand, 
is dehydrogenated by mercuric acetate to dehydrolumisterol. Since 
dehydrogenation with mercuric acetate destroys the asymmetry of C9 
through the introduction of a double bond at C9 : Cn, it follows that 
ergosterol and isopyrocalciferol are stereochemically similar about 
Cio, but dissimilar about C9. Lumisterol and pyrocalciferol are likewise 
similar at Cio and dissimilar at C9.* As the previous discussion hiis 
shown, lumisterol differs from ergosterol in the steric position of the 
Cio — CH3 group, and it is improbable that epimerization of the C3 — OH 
group has occurred in any of these compounds. Thus the interrelation- 
ship about the centers of asymmetry, C9 and Cio, may be represented as 
shown below: 

C9 Cio 

Ergo.sterol + -f } 1 1 

Isopyrovitamin D-i — + J l^t*hydrof*rgoste*roI 

Lumisterol -|-(?) - ) ta r 1 1 

Pyrocalciferol -(?) - / dehydrolumisterol 

Irradiation of vitamin D2 destroys its potency and converts it into 
a mixture of suprasterol I and II, and a poorly defined substance, 
toxisterol.^^ ^ Suprasterol I and II diff('r in that the former contains 
three, and the latter four, double bonds. 

WindauB and Dimroth, Ber., 70 , 376 (1937). 

* Inversion about C9 in these pyro isomers does not interfere with the ability to undergo 
a photo change when irradiated with ultra-violet light. The products, photoisopyro- 
vitamin D2 and photopyrocalciferol, are not antirachitic, however, and the photo change 
may be reversed merely by heating in the absence of air. The photo products do not 
absorb in the ultra-violet, and Dimroth, Ber., 70 , 1631 (1937), has suggested that in the 
photo change the conjugated system is destroyed by a shift of the 5 : 6 double bond to 
the 4 : 5 position. 

Laquer and Linsert, Klin. Wochenachr,, 19 , 753 (1933). 
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THE BDLE 

Occurrence. From the bile of various species, a number of hydroxy 
acids have been isolated. These acids are derivatives of cholanic (I) 
acid, and are excreted, paired with glycine or taurine, as alkali salts. 
In Herbivora the glycocholates, and in Carnivora the taurocholates, 
predominate, but the nature^ of the conjugation depends more on species 




than on diet. “ ‘ The deriv(‘d bil(‘ acids obtain(*d by degrading sterols, 
etc., are derivative's of eather cholanic acid, or the' stereoisomer, alio- 
cholanic acid (II). TIk' properties and .sources of the important natural 
and d(*riv(*d bile acids an' listed in Table IV; the data an' taken largely 
from the ('xtc'iisive tabulation of Dane*. - ’ As the* table shows, there is 
variation of bile acid with species, but, bt'cause of lack of suitable biles, 
only cholic, desoxycholic, and a-hyodesoxycholic acids are readily 
available. 

Formation. The bile acids are the products of the synthetic activity 
of the liver. Apparently they ai*e formed in this organ from amino acids 
and not from fats, carbohydrates, or by the degradation of sterols, al- 
though tryptophan is the only amino acid which htus been sliown to 
influence favorably the formation of the bile acids. ^ ^ It is jx)ssible that 
one portion of the molecule may originate from amino acids and another 
from some other source. Relatively large quantities of these acids are 
synthesized in the liver; a dog of avenige size, for example, produces 

**• Books: Fiesor; Lcttr^* and InhofFen; Shimizu, '‘Cl>er die Chemie und Physiologie der 
Gallens&uren,” Muramoto, Gkajumia (1935). Reviews: Dune, in “ForLsehritte der 
physiol. Chem., 1929-1934,” Verlag Chemie, Berlin, (1934), p. 46; Wieland, Ber., 67 , 
27 (1934); Solx)tka, Chem. Rev., 16 , 312 (1934). 

Cf. Shimizu, reference 213 pp. 47 et aeg. 

Dane, Tabulae Biologicae Periodicae, III, 5S (1933). 

*** Whipple and co-workers, J. Biol. Chem., 80 , 658, 671, 685 (1928); 89 , 689, 705 
(19.30); Thannhauser and co-workers. Arch. exfUl. Paih. PhartnakoL, 130 , 292, 308 (1928); 
Jenke, ibid., 163 , 175 (1932); Schindel, ibid., 168 , 36 (1932); Schoenhoimer, Rittenberg, 
Berg, and Rousselot, J. Biol. Chem., 115 , 6.*}5 (1936). 
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about 1.5 g. per day. Conjugation with taurine or glycine appears 
to be a detoxication process, since the free bile acids are quite toxic. 
One of the properties of the bile acids that appears to be harmful is the 
ability to hemolyze red blood corpuscles in low concentration. 

Isolation. In the bile there probably are some unpaired bile salts, 
but the paired compounds predominate. The conjugated acids may be 
isolated in an impure state by salting out, or dried bile may be recrystal- 
lized from absolute alcohol. The products obtained in this way are 
usually mixtures from which the conjugated bile salts cannot be resolved 
readily; saponification of such a mixture with alcoholic alkali splits the 
peptide linkages to give the free acids. From these hydrolytic products 
the individual bile acids can be isolated in crystalline form in combina- 
tion with a molecule of solvent, which is lost on drying in vacuo. The 
pure acids are powders or microcrystalline. 

Generally there is one bile acid predominantly present in a given bile, 
and this is the one isolated by the above procedure. To obtain the other 
bile acids the Wieland school has developed the technique of extracting 
an ethereal solution of the residues with a series of buffer solutions. By 
employing a number of solutions of varying pH a fairly clean separation 
can be made, but, for the most part, the acids that are present in small 
amounts have not been isolated or studied. The bile acids of ox bile, 
however, have been studied more thoroughly than those of any other bile. 

Apparently all the natural bile acids are hydroxylated at and in 
general they are spatially alike alx)ut this center of asymmetry. From 
hog bile, however, a- and /3-hyodesoxycholic (3,6-dihydroxycholanic) 
acids have been isolated, and these two acids appear to be isomeric 
about It is possible that there may be a further example of 

this epimerism in the a- and ^-lagodesoxycholic acids (p. 1312), but the 
large difference in the specific rotations of the two acids makes this 
seem improbable. Similarly, the monohydroxy acids, lithocholic* and 
isolithocholic acids, may also be epimeric at Ca, but here the values for 
the specific rotation indicate that they are position rather than space 
isomers {cf. structure and optical rotation, p. 1261). 

Nomenclature. The names that are commonly used for the bile 
acids frequently contain a prefix that show^s the source of the acid. The 
application of this terminology is apparent from Table IV. Systemati- 

2i7Horrall, Physiol. Rev., 11 , 122 (1931); Strain and Marsh, Am. J. Physiol., 11 #. 82 
(1936). 

2i7®Kimura, Z. physiol. Chem., 248 . 280 (1937). 

♦ This important natural acid is difficult to obtain. It is present in cattle gallstones 
[Fischer, Z. physiol. Chem., 73, 204 (1911)], and in the gallstones of the hog (Schoenheimer 
and Johnston, J . Biol. Chem., 120, 499 (1937)], but the content of lithocholio acid in oattlo 
gallstones is low, and hog gallstones are small and very rare. 
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TABLE IV 

The Natural and Derived Bile Acids * 



Position of 




Bile Acid 

Attachment 

M.P., 

Wd 

Bile Source J 

of Hydroxyl 
Groups t 

°C. 

(Alcohol) 

or Derivation 


Cholanic Acida^ C24H40O2 


Allocholanic 


170 

+22.2 

ot-Hyodesoxycholic 

Bufocholanic 


23(> 

(CHCL) 

-20.3 

Bufodesoxycholic 

Cholanic 


1G4 

+21.6 

Cholic, desoxycholic, etc. 


Monohydroxy Acidsy Ci 4 H 4 o 03 


3-IIydroxyaZ/ocholanic. . . . 
^-3-HydroxyaZiocholanic . . 

6- HydroxyaZZocholanic-. . . 

Lithocholic 

^-3-H yd roxy chol j in ic 

7- Hy(iroxycholanic 

1 2-H yd roxy chol a n i c 

Isolitliocholic 


3(trans) 

208-210 


3(cis) 

218 


6 

228 


^{trans) 

185-186 

+32.7 

3(cts) 

176-177 

+25.3 

7 

90-102 


12 

90-95 ! 


? 

185 

+94.3 


Hyode 80 x>"cholic 
Hyodesoxycholic, dihy- 
drocholesterol 
Hyodesoxy cholic 
Man, ox, cholic 
Lithocholic, coprosterol 

7. 1 2- Dihydroxycholanic 

7.1 2- DihvdroxychoIaiiic 
Goose (T), hen (T) 


IMhydroxy AcidSy C 24 H 40 O 4 


Bufodesoxvcholic 

3.? 

197 

+37 

Toad 

Chencxlesoxycholic 
(anthrofX)-, fijallo-) 

S(tranJi)y 

7{irans) 

140 

+ 11.1 

Goo.se (T), hen, man, ox, 
cholic 

Desoxycholic 

3 (frarw), 12 

176.5 

+55 

Man (G and T), ox (G), 
sheep, dofj, goat (G and 
T), rabbit (G), deer, 
cholic 

7,12-DihvdroxvchoIanic . . 

7itrans)y 12 

226-227 


Cholic 

^-7, 1 2-Dihydroxycholanic 

7{cis), 12 

208 


Cholic 

a-Hyodesoxvcholic 

3(frafW),C 

196 

: + 8.4 

Pig (G), hippoi:)otamus 

/J-Hyodesoxvcholic 

3(cta), 6 

189-190 

+ 5 1 

1 Pig 

AiZ^mvodesoxvcholic 

3,6 

274 


or-H votlesoxy cholic 

a-I.rftgotlesoxychoIic 

3(frurw), 12 

150-157 

, +80,4 

R^lbbit (G) 

/3-LaKode.HOxycholic 

?, ? 

213 

+37 4 

Rabliit (G) 

Ursoilesoxycnolic 

3(frans), 

1 7(cijj) 

203 

+57.07 

Polar l>ear (T) 


Trihydroxy Acidsy C 24 H 4 f <04 


Cholic (cholalic) 

3(/r(inA), 
7{trans)y 12 

190-198 

+37 

1 

Man, ox, sheep, dog (T), 
goat, snake (T), fish (T) 
(.Vpparently present in 

Nutriacholic 

?. ?. ? 

198 


most species.) 

Otter (G) 

Walrus (T), .seal (T) 

/3-PhocaechoIic 

3, 7, 23 

222-232 

+25.3 


Teirahydroxy AcidSy C24H40O6 


3,7,8, 12-Tetrahydroxy- I 





cholanic ,1 

3 , 7 , 8,12 

223-225 


Riibbu (?) 




* Data from fihimiiu*** and Dane.*** 

t The Cl — OH and Cr- ~OH groupa are referred to Cio — CHj. The ai/ocholanic acids are shown 
by the preBx with the exoeptiou of the **bufo'* acids, all the other acids are derivatives of 

cholanic acid. 

I The letters in parentheses indicate the type of conjugation (Q <* glycine, T » taurine) in 
the different species. 
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cally the acids are named as derivatives of cholanic acid or its stereoi- 
somer, aZiocholanic acid, but no system has been developed for the 
degradation products formed by oxidation. These compounds must be 
referred to by the colorful names which were given them when their 
structures were but partially known. Certain general rules are followed, 
however. The tricarboxylic or ketotricarboxylic acids fonned by open- 
ing ring A at C 3 — C 4 are known as bilianic acids; the several bilianic 
acids are differentiated by means of a prefix describing the parent com- 
pound — thus lithocholic acid gives lithobilianic acid (p. 1245). Opening 
of ring A at C2 — C3 leads to the formation of isobilianic acids. Thilo- 
bilianic acid is the name applied to the tricarboxylic acids obtained by 
oxidative cleavage of ring B. The etiobilianic acids are formed by 
opening ring D after the C17 side chain hiis been completely removed 
(cf. p. 1243). The names of several other types are given in the preceding 
and subsequent sections. 

The Nuclear Hydroxyl Groups. The bile acids may be hydroxylated 
in the nucleus at positions C 3 , C 7 , and C] 2 , or in the side chain at C 23 . 
In the natural bile acids the C 3 — OH is trans to the Cio — CH 3 ; there- 
fore these acids are related to cpicoprosterol. The spatial configuration 
of the C 3 — OH has been established by the oxidative degradation of 
cpfcoprosterol to lithocholic acid;^^^ by the production of lithocholic 
acid from iS-3-hydroxy-5-cholenic acid,^^® a product of the oxidative 
degradation of dibromocholesterol; by the conversion of lithocholic 
acid to a number of degradation products of eptcoprosterol ;^*^^ and by 
the behavior of lithocholic esters and their epimers toward digitonin.^^*^ 
In the last instance it was found that lithocholic esters do not give 
insoluble precipitates ^\^th digitonin, but that their epimers, formed by 
catalytic hydrogenation of 3-ketocholanic acid in acid media, or by the 
rearrangement of lithocholic acid with sodium ethoxide, do give insolu- 
ble digitonides. Sincc^ many of the bile acids have been converted to 
lithocholic acid, it follows that the C 3 — OH is trans to the Cjo — CH 3 in 
them, also. The liver appears to have the ability of forming the com- 
pounds with the C 3 — OH trans to the Cio — CH 3 ; in contrast, the 
kidney or other tissues produce a cis configuration, since 3,7,12-triketo- 
cholanic acid,* when injected subcutaneously in toads, is eliminated 

Ruzicka and Goldberg, Hch. Chim. Acta, 18, 668 (1935). 

Schoenheimer and Berliner, J. Biol, Chem., 115, 19 (1936). 

Reindel and Nioderliinder, Ann., 622, 218 (1936). 

221 Reindel and Niederliinder, Ber., 68 , 1243 (1935). 

♦ The Japanese group at Okayama view the converHion of this ketonic acid to epimerio 
hydroxy acids as an indication that the bile acids originate from the sterols. Although 
this can be questioned, the conversion does suggest that in the biological sjrnthosis of the 
bile acids there may be an intermediary ketone stage. The isolation of 3-hydroxy-6- 
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to a small extent in the urine as /3-3-hydroxy-7,12-diketocholanic 

acid.222 

From the work of Lettr6 (p. 1261), the steric position of the Cy — OH 
in cholic and chenodesoxycholic acids is known to be trans to the 
Cio — CHa group. Ursodesoxycholanic acid, the characteristic bile acid 
of the polar bear, is stereoisomeric at the CV — OH with chenodesoxy- 
cholanic acid; the C? — OH in ursodesoxycholic acid is therefore cis to 
the Cio — CHa.^^^ The spatial configuration of the hydroxyl at Co 
in hyodesoxycholic acid has not been investigated. The C 12 — OH, 
present in several of the bile acids, is probably in a irans position with 
respect to the adjoining C 13 — CH 3 , since catalytic hydrogenation in 
glacial acetic acid of dehydrocholic (3,7,12-triketocholanic) acid or of 
dehydrodesoxycholic acid returns the original bile acids ^ 2 ** (v. Auwers- 
Skita’s rule, p. 1257). 

There are marked differences in the reactivity of the several hydroxyl 
groups. Based on the ease of esterification and dehydrogenation, the 
reactivity of the hydroxyl hydrogen is in the order C 7 > C 3 > 

An hydroxyl group at Co is more reactive than one at but for 

lack of suitable compounds this hydroxyl cannot be compared with other 
positions. Deacctylation of the acetyl compounds proceeds more 
readily at C 3 than at 

Similar differences in reactivity are present in the dehydro (keto) 
bile acids. Catalytic hydrogenation of the carbonyl groups proceeds 
most easily at C3, and least at C 12 , v\ith the Co and C 7 carbonyl groups 
intermediate in reactivity.-*^* With Clemmensen reduction only the 
C3 carbonyl can be reduced. Thus the order of reactivity in 
hydrogenations Ix'comes C 3 > C 7 > C 12 . 

The characteristic bitter tixste of bile is due to the bile acids. This 
taste is a function of the degree of hydroxy hit ion, for the mono- and 
dihydroxy acids are tasteless. Conjugation with glycine or taurine 
enhances and modifies the taste considerably, producing in many in- 
stanct^s an initial swwt taste which is rapidly replaced by bitter. 

When the bile acids are heated in vacuoy dehydration occurs. This 

kctoaZ/ocholanic acid from hog bile (p. 131 1> and of 3-hydroxy-7-ketO( holanic arid. m. p. 
201-202®, [alo —27.3, from guinea pig bile by Iwai, Z. physiol. Cheni,, 248 , 05 (1937), 
may l>e regarded as supporting this hyimthesis. 

*** Yamasaki and Kyogoku, Z, physiol. Chem,^ 235 , 43 (1935); Kyogoku, ibid. 246 , 
99 (1937). 

Iwasaki, ifnd., 244 , 181 (1930). 

*** Borsche and Feske, ilnd., 176 , 109 (1928). 

*** Wieland and Dane, ibid., 210 , 268 (1932). 

m Wieland, Dane, and Martius, ibid., 215 , 15 (1933). 

Wieland and Kapikd, ibid., 212 , 269 (1932). 

Kawai, ibid., 214 , 71 (1933). 
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probably takes place in part through the stage of lactones, since the 
acetyl derivatives are easily converted to unsaturated compoimds. 
Because lactone formation is determined primarily by the position of an 
hydroxyl with respect to the carboxyl group, the opportunities for such 
structures are far greater in the degradation products than in the parent 
compounds themselves. 

The Unsaturated Bile Acids. The products of complete dehydration 
of the bile acids are mixtures of the isomeric unsaturated acids. 
The physical properties of certain of these unsaturated acids are given 
in Table V. The course of the dehydration is illustrated by the products 
formed from lithocholic [3(^ra/is)“hydroxycholanic] acid. The mix- 
ture obtained on dehydration contains about nine parts of an a-acid and 
one part of a higher melting /3-acid. The lower melting a-lithocholcnic 
acid is probably unsaturated at C 2 : C3, and the /3-lithocholenic acid at 
C3 : C4. Separation of the mixture is eflfected by bromination and 
crystallization of the dibromides. In this way, three dibromides are 
obtained, one melting at 171°, another at 233°, and the third at 240°. 
The two melting at 171° and 233° give a-lithocholenic acid when de- 
brominated with zinc; these two dibromides are probably epimers in 
which the bromine is cis, cis in one, and irariSy cis in the other. 

The removal of water from ring B takes place largely through the 
splitting off of an hydroxyl with an adjacent tertiary hydrogen. An 
example of this is the dehydration of 6-hydroxyai/ocholanic acid to a 
levorotatory compound, which probably is unsaturated at Cs : Co. In 
ring C with the hydroxyl group at C12, dehydration can give but one 
product, as C13 is quaternary. 

Dehydrating agents such as zinc chloride and sulfuric acid remove 
water from ring B of cholic (3,7,12-trihydroxycholanic) acid to give 
apocholic acid and a small amount of an isomer, dihydroxycholenic 
acid. The latter can be hydrogenated to desoxycholic acid, but 
apocholic acid cannot be reduced catalytically. Treatment of apocholic 
acid with hydrochloric acid partially rearranges it to an isodihydroxy- 
cholenic acid, which is also obtainable from cholic acid by the action 
of hydrogen chloride; isodihydroxycholenic acid cannot be reduced 
catalytically. Evidently the isomers result from a rearrangement of a 
double bond about Cg, or from Cg to a neighboring carbon atom. In a 
general way, there appears to be an analogy between these compounds 
and the a-stenols (p. 1271). 

Shimizu, Oda and Makino, ilrUL, 213 , 136 (1932). 

Wieland, Kraus, Keller, and Ottawa, ibid,, 241 , 47 (1936). 

Boedeker, Ber,, 63, 1852 (1920); Boedekor and Volk, Ber., 64 . 2489 (1921); Borsch© 
and Todd, Z. phydol. Chem., 197, 173 (1931); Wieland and Dane, ibid.» 212 , 263, (1932); 
Yamasaki, ibid,, 220 , 42 (1933); 233 , 10 (1935). 
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Bromine dehydrogenates apocholic acid to a mixture of two isomeric 
acids, a- and ^S-dihydroxycholadienic acids. The mechanism is 
addition of bromine followed by spontaneous loss of hydrogen bromide. 
The two acids may be produced from apocholic acid by the action of 
perbenzoic acid to give the a-dienic, or selenium dioxide to fonn the 
/3-dienic acid. Both these dienic acids can be partially hydrogenated, 
the a-dienic acid yielding apocholic acid, and the /3-dienic acid an isomeric 
/3-apocholic acid which may be stereoisomeric about (' 9 . 

Isodihydroxycholenic acid, when dehydrogenated with bromine, 
gives a dienic acid differing from the known isomers, and hydrogenation 
of the dienic acid likewise gives an unidentifiable product. This chola- 
dienic acid has a remarkable property — it is extracted from ether by 
30 per cent hydrochloric acid. 

TABLE V 

The Uxsaturated Bile Acids 


Acid 

Formula 

1 M. P., 
j "C. 

i [alD 

! (Alcohol) 

i 

a-Lithocholenic (A** ?) 

C,4H„0, 

1 

156 

+ 16.3 

/J-Lithocholenic (A^ ?) 


1 160 

+ 18.7 

6-Cholenic (?) 


160 

-66.8 

^-3-Hvdroxy-5-€holenic 

C,4H„03 

1 241-242 


Aixjcholic (3, 1 2-dihydroxy- A^ *^ ?) 1 

C:4H3404 

1 173-174 

! +45.5 

Dihydroxycholcnic (3,r2-dihydroxy-A*'‘ ** ?) 

CnH3«04 

i 255-256 ' 

+57.6 

Lsodihvdroxvcholenic 

C:4H,«04 

198 

1 + 5.9 

a-Dihydroxycholadienic ( a" 

C,4H3o04 

252-255 

-35.5 

/^-Dihydroxycholiidienic ?) 

' C:4H3e04 

' 253 255 

+71 


The Color Reactions of the Bile Acids. The unsaturated acids are 
probably formed in the course of the color reactions that are given by 
the bile acids. The most important of these color reactions follow: 

The Peiienkofer Reaction . - A solution of a bile salt is mixed with a 
few drops of sugar solution, treated with concentrated sulfuric acid, and 
shaken at 70®. A red color develops and quickly passes through pur- 
ple-red to blue-red. Many modifications have been proposed, particu- 
larly the use of furfural in place of sugar. The reaction is not given 

Wieland and Dculofeu, t'MV/., 198 , 127 (1931). 

Callow, J. Chem. Soc., 402 (19.36). 

*** Wieland, Dicti, and Ottawa, Z. phyai^. Chctn., 944 , 194 (1936). 

Pettenkofer, Ann., 69 , 90 (1844). 

Myliua, Z. physiol. Chem., 11 , 492 (1887); Gregory and Pasooe, J. Biol. Chem., 83, 
35 (1929) ; Reinhold and Wilson, ibid., 96 , 637 (1932). 
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by desoxycholic acid or by the koto acids; consequently, an hydroxyl 
group in ring B is apparently necessary for the color change. 

The Hammarsten ReacMon. '-^’^ When powdered cholic acid is added 
to 25 per cent hydrochloric acid, a violet color develops which gradually 
passes through green to yellow. The reaction is given only by cholic 
and apocholic acid or their derivatives. 

The Liebermann ReacHon, This reaction is carried out as with the 
sterols (p. 1272). The solid acids are employed, since the bile acids are 
insoluble in chloroform. The color produced varies with the bile acid. 

Transformations of the Nucleus. The nuclear hydroxyl groups 
weaken the several rings at the point of attachment, and, by the proper 
selection of oxidizing agent, stepwise degradation may be effected. Cold 
chromic acid produces the least change, converting the carbinol groups to 
carbonyl to form the dehydro acids, wiiile concentrated nitric acid 
and potassium permanganate open the rings. The possibilities of such 
transformations are illustrated in the degradation of desoxybilianic 
acid (p. 1245). Concentrated nitric acid acting over a period of time on 
this acid not only opens ring C, but also probably oxidizes the Cio 
methyl group to carboxyl, forming chollepidanic acid*^^ (Gr., lepis 
= scale) (III). Less vigorous treatment with nitric acid merely op(‘ns 
ring C to produce choloidanic acid'^‘^ (IV). Pyrocholoidanic acid (V), 
the pyrolytic product from I\', on oxidation first with [permanganate 
and then with nitric acid, pjisses through the stage of prosolanellic acid 
(VI) tosolanellic acid-"*^ {solus anellus = one ring) (VH); pyro.solanellic 
acid (VIII) in turn yields biloidanic acid-'*- (IX). The hist may Ixp 
produced more easily by the action of mixed acids on bilianic acid^"*^ 
(XI), the product of partial nitric acid oxidation of dehydrocholic acid 
(X). Bilianic acid when oxidized with {XTirianganate suffers oxidation 
in ring B to give a triketo acid (XII) which, when treated with acid, 
undergoes a benzilic acid rearrangement to form cilianic acid^**"* (XIII). 

Chromic acid oxidation in the cold of a-hyodesoxycholic acid givc?8 
the dehydro acid, 3,6-diketocholanic acid, which Ls readily isomerized to 
the alio series by w^arming with strong acids or alkalies. The result- 
ing 3,6-diketoaZ/ocholanic (/3-dehydrohyo-) acid serves as a source of a 

237 Hammarsten, Z. physiol. Chem., 61, 495 (1909) ; Yamasiiki, ibid,, ISO, 42 (1933). 

23* Hammarsten, Ber., 14, 71 (1881). 

2*2 Wieland and Kraft, Z. physiol. Chem., 211, 203 (19.32). 

2" Wieland and Kiilenkampff, ibid., 108, 306 (1920). 

2^^ Wieland and Schnlenhiirg, ibid., 114, 167 (1921). 

2« Schenck, ibid., 110, 167 (1920); 112, 38 (1921). 

2** Wieland and Sehlichting, ifnd., 119, 76 (1922). 

2^* Schenck, ibid., 87, 59 (1913) ; 242, 81 (19.36); 244, 245, (1936). 

2<*Windaus and Bohne, Ann., 433, 278 (1923); W'indaus, Ann., 447, 2:J3 (1926); 
Shib^iya and Miki, Z, physiol. Chem., 206, 279 (1932). 
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variety of alio derivatives. a-Hyodesoxycholic acid (XIV) is converted 
by the action of hypobromite to an hydroxytricarboxylic acid (XV) 
which may be reduced by the action of hydrogen iodide to lithobilianic 
acid. Treatment of the hydroxytricarboxylic acid with sodium ethoxide 
dehydrates it to lithobilienic acid, and this acid is converted by catalytic 
hydrogenation to aZlolithobilianic acid (XVI). The isomeric allo- 
isolithobilianic acid (XIX) is obtained from 3 , 6 -diketoaZZocholanic acid 



XIV ot-HyodesoxycholIc acid 


cold 

CrO, oxidation, 
and 

rearrangement 

V 



XVll 3,6-DiketoaIIocholanic XVIII Keto-tricarboxylic XIX ^IIoiaoHthooilianta 

acid acid acid 


(XVII) by permanganate or hypobromite oxidation to a 6 -ketotricar- 
boxylic acid (XVIII), which is then reduced by the Wolff- Kishner 
method to the desired alb acid. As has been cited previously, these 
isomeric bilianic acids played an important part in the establishment of 
the spatial configuration about C 5 (p. 1253). 

Bufocholanic Acid. From the bile of the toad, the specific dihydroxy 
bile acid, bufodesoxycholic, hjis Ix^en isolated;-"* it differs storeochemi- 
cally from the others. The corresponding dtihydro acid can be rear- 
ranged like dehydrohyodc'soxycholic acid, but th(» bufocholanic acid pro- 
duced by Clernmensen reduction of these two dehydro acids is not iden- 

Okamura, J. Biochem. (Japan), 8, 361 (1928) ; 10 . 5 (1928) ; 11 , KKl (1929). 
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tical with either cholanic or aZZocholanic acid. On opening ring A of 
these bufodehydro acids by the action of hypobromite, ketotricarboxylic 
acids are produced, which, on Clemmensen reduction, are converted to 
aZiolithobilianic acid. From this evidence, one of the hydroxyl groups is 
placed at C3, but the position of the other hydroxyl is uncertain. Obvi- 
ously this second hydroxyl group is adjacent to one of the centers of 
asymmetry. 

The Cio — CH3 Group. With many of the bile acids, pyrolysis in an 
atmosphere of carbon dioxide splits off the Cio — OH3 as methane. 
The reaction paralk‘ls the* conversion of the sterol pinacols to the 
norsterols. The lability of the methyl group is markedly affected by 
structure; for example, in apocholic acid, more than a third of the 
molecule suffers this typ<' of change, but with most of the bile acids very 
little methane is split off. 

Molecular Compounds. The property of forming molecular com- 
pounds is very pronounced in the bile acids, and, as commonly obtained, 
they crystallize with a molecule of solvent of crystallization. One of the 
unique molecular compounds is the blue compound (C24H4()05- 1)4* 
KI-H20, formed when an alcoholic solution of cholic acid and a solution 
of iodine in potassium iodide are mixed in tlie correct proportions.-'^® 

With any of a wide variety of substances, desoxycholic acid forms a 
series of water-soluble molecular compounds which are collectively 
known as the choleic acids. The compounds formed with the fatty 
acids were the first examples noted and have since received considerable 
study. With increasing molecular weight, the molecular ratio of bile 
acid : fatty acid changi^s from 1 : 1 with acetic acid to 8 : 1 in the case 
of stearic acid. The variations are shown graphically in Fig. 1 both for 
fatty acids and dicarboxylic acids. Since formation of choleic acids is 
due to coordinate valences, the compounds are conveniently described 
by a coordination numl>er which expresses the numl>er of molecules of 
desoxycholic acid combined with one molecule of a second substance. As 
the curves show, the ratio changes by steps. The significance of this is 
a matter of sjieculation, but usually there is assumed to be a packing of 
molecules along the lower edge of the nucleus and the side chain (r/. 
structure I) brought about by the enhancing effect of the hydroxyl 
at C12. Supporting evidence for this theory is furnished by the fact 
that apKJcholic acid forms coordination compounds comparable to those 

W’iolancl and Dane, Z. phytnoi. Chem., S12, 203 (1932). 

Mylius, ibid., 11. 306 (1887) ; KOster, Z. phyaik. Cheni., 16, 156 (1895); Barger and 
Field, J. Chem. Soc., 101, 1404 (1912). 

Wicland and Borge, Z. physiol. Chem., 97, 1 (1916); Rheinboldt and co-workers, 
Ann., 461, 256 (1927); Z. phyaiol. Chem., 180, 180 (1928) ; Ann., 473, 249 (1929) ; Sobotka 
and Goldberg, Biochem. J., 86. 555 (1932). 
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of desoxycholic acid, while chenodesoxycholic and cholic acids do not. 
The choleic acids formed from enolizable ketones exhibit the peculiarity 
of being combined completely in the enolized form. ^ Since functional 
groups are not necessary for the formation of choleic acids, these com- 
pounds have been suggested as a means of resolving racemic mixtures 
of optically active but inert compounds, such as hydrocarbons. ^ ^ o 


w=: 2 4 5 6 10 16 



Relation between length of aliphatic chain and coordination number of the fatty 

acid choleic acids 

The soluble salts of the bile acids lower the surface tension of water 
to a marked degree. "I'his property may l)e associated with the 
phenanthrene structure, for other compounds containing a phenanthrene 
nucleus, such as the saponins (p. 1345) and abietic acid, exhibit the same 
behavior. 

The Natural Bile Acids. Accurate quantitative data on the dis- 
tribution of the bile acids an^ lacking. C'holic acid, how'ever, is the most 
common bile acid and is found in many species (Table IV). Bt^ef bile 
has been investigated more extensively than any other. For this bile, 
the data of Wieland^''"^’ giv^e tlu; following composition: Cholic acid, 
5-6 per cent; desoxycholic acid, 0.6~0.8 per cent; lithocholic acid, 

2«SobotkaandGoknx)rg.i7nri., 26 , 905 (1932); Marx and Ho\x)ikix, J, Org Chem 1 . 
275 (1936). 

♦ From Sobotka, Chem. Rav., 15 , 362 (1934). (Courtesy of tho puhlishere). 

2®* AUen, J- Biol. Chem., 22. 505 (1915). 

*•* Wieland and Jacobi, Z. physiol. Chem., 148 , 232 (1925). 
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0.002 per cent; and traces of chenodesoxycholic acid, sterocholic acid, 
(see below) and Weyland's acid (see below). The role of the various 
acids in metabolism is not known nor is there any (‘xplanation for the 
variation of acid with species. Although an important function in the 
absorption of fats is usually attributed to the bile acids, studies on 
bile-deprived animals show that fat absorption takes place even in the 
absence of bile. Dogs deprived of bile by operative procedures suffer 
decalcification of the bones and dev(‘lop oth(‘r anomali(*s.* 

The Derived Bile Acids. Synthetic work in this group has been 
directed largely towards the conversion of the coniinon bile acids 
to the uncommon. In addition to th(‘ preparation of the rare litho- 
cho]ic^'"“* and chenodesoxycholic^'**’ acids, a number of isomeric 
monohydroxy acids have been pr(‘par(‘d. Those reported are alio- 
lithocholic [3(/mn«)-hydroxya//r>cholanic], 3-hydroxya//ocholanic, - “ *"' 
6-hydroxyaHocholanic, - 7-hydro xycholanic, - ~ ^ and 12-hydroxycho- 
lanic^''”’** acids. When dihydroxycholenic acid is oxidized with dilute 
IKTmanganate, the tetrahydroxy acid, 3,7,8, 12, -tetrahydroxycholanic 
acid, r(*sults. ‘ This acid may be identical with an acid isolated from 
rabbit bile.-"** 

In th(* course of the oxidative degradation of th(' saturated st€Tols, a 
mimb<*r of bik* acids have* iK^come available, esjx‘cially 3iV?.s )-hydroxy-5- 
cholenic acid, the product of oxidative d(*gradation of dibromocholesterol. 
The physical characteristics and the literature of some of the other 
degradati(»n products have been summarized by Reindel.--^ 

Miscellaneous Bile Acids. In addition to the acids described above, 
a few oth(‘rs have In'en isolated from various sources. Wieland-''*^ has 
described a compound from ox bile which is made up of one molecule of 
chenod(\soxycholic acid and one molecule of 3-hydroxv-12-ketocholanic 
acid. This molecular com{X)und is known as Weyland’s acid. An 
isomeric keto acid, 3-hydroxy-6-keto«//ochoIanic. has beem isolated from 
pig bil(‘, It is unc(‘rtain whether the alio configuration is that of the 
native bile acid or whether rearrangement occurs during isolation. 

Vc»rxar and MrDoviKiill. “Absorption from the Intestine.” Lonj^mans, Green and 
Co.. London (UKU»), pp. 15S ti skj. 

* These statenientH are from iwrsonal eommunirations hy U . B. Hawkins and 
R. G. Sinelair, Ixjth of the Schtxd of Me<iicine and Dentistry, University of Rochester. 

Borsche and Hallwfww, Ber., 55 . a,‘MS (1922>; Wieland. Dane, and Seholz, Z. phpsio^,, 
(’hem., 211 . 2tKi {ItKVi). 

Wieland and Dane, ibid., 212 , 41 (1032). 

W'ieland and SchlichtinR, ibid., 150 . 207 (1925). 

Wieland and Dane, ibid., 206 . 243 (1932). 

S58 Windaua and van Schoor, ilnd., 173 . 312 (192S). 

W’^ieland and Kiahi. ibid., 214 , 47 (1933). 

MO Fornhol*. ibid,, 232 , 202 (1935); Schoenheimer and Johnston, J. Biol. Chem,, 120 , 
499 (1937). 
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In the bile of the rabbit, desoxycholic acid conjugated with glycine 
is predominately present but there are also small amounts of the isomeric 
acids, a- and / 3 -lagodesoxycholic acids. ^ ® * The a-acid gives dehydrodes- 
oxycholic acid when it is oxidized with cold chromic acid and appears 
to be epimeric at C12 with desoxycholic acid. It differs from the latter 
in its inability to form choleic acids. The / 3 -lagodesoxycholic acid has 
not been converted to a known bile acid derivative as yet, and its 
structure is completely unsolved. 

Two C28 bile acids have bc'on isolated also. The first, sterocholic 
acid, C28H46O4, was isolated from ox bile; 2 ''>® related compounds are 
apparently present in the bile of the snapping turtle. The second 


CH, CH, CH, 

I I / 

HO CH-CH-CH-CH-CH 



(.Steric position of hydroxyl groups uncertain) 


C28 acid, trihydroxybufosterocholenic acid (XX), C28H46O5, was 
obtained from toad bilc>'^’’^ Oxidative degradation together witli ^^'ie- 
land degradation, has established its structure. It is interesting that 
the construction of the side chain of trihydroxybufosterocholenic acid 
should resemble so closely that of ergosterol. 

Scjnnnol. In the bile of the shark, a sulfuric acid ester of a tetra- 
hydroxy compound, scymnol (XXI), C27H48O5, is found, rather than 
the usual bile acids. Oxidation of scymnol with chromic acid con- 
verts it to a triketo acid, C27Hao06, demonstrating that three of the 
hydroxyl groups are secondary and one primary. The uncharacterized 
oxygen atom, both in scymnol and the triketo acid, appears to 1x5 
present in an ethylene oxide ring, for the alcohol and the keto acid add 
hydrogen chloride, producing chlorohydrins. The chlorohydroxyketo 
acid formed from the triketo acid by addition of hydrogen chloride may 

Kishi, Z. physiol. Chem., 238, 210 (1936). 

Yamasaki and Yuuki, ibid., 244, 173 (1936). 

Shimizu and Oda, ibid., 227, 74 (1934); Shimizu and Kazuno, ibid., 239 , 67. 74 
(1936); 244 , 167 (1936). 

Windaus, Bergmann, and Konig, ibid., 189, 148 (1930). 
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be oxidized to a triketocholanic acid, C 24 H 34 O 5 , which is not identical 
with 3,7,12-triketocholanic acid, but can be converted to the known 7, 
12-diketocholanic acid by Clemmensen reduction. Thus three of 
the four hydroxyl groups are placed, and it is apparent that scymnol is 
one of the few natural compounds of this group in which the C 3 — OH is 
absent. 

The Conjugated Bile Acids. Some conjugated bile acids can be ob- 
tained pure by recrystallization from absolute alcohol of dried bile or 
of the products obtained by salting out.^^^^ In general, however, this is 



.CH, 

H / 

c-c 

\/\ 

O CH2OH 


not a satisfactorj' procedure, and the conjugated compounds are best 
prepared by synthetic means from the fnn* acids. The method of 
Cortese and Bauman^’’*" apjx'ars to be the only satisfactor>' one. In 
their proc(*dure the hydroxyl groups arc protected by treatment with 
formic acid and the formyl esters coupled with glycine or taurine by the 
usual Schott en-Baurnann process. The conjugated acids are more 
acidic and morc^ soluble than the frcK^ bile acids. After the discovery of 
the choleic arlds, physiologists suggested the formation of such com- 
pounds as li mechanism for the absorption of fats from the intestine. ‘ 
Since neither the glyco^’^’^ nor the tauro-^^ compounds of desoxycholic 
acid form choleic acids^ such a mechanism cannot be seriously considered. 

Tschosche. ibid., 203. 2(^3 (1931). 

Hiiramamton. “AbcierhiUden’fl Handbuch der hiolopisrhon ArlK»itsmethoden,” 
Urbin and S(?hwarienberg, Berlin (1925), 1. VI, 211. 

Corteae and Baunnin. J. Am. Chem. Soc., 57, 1393 U935); J. Biol. Chetn., 113, 779 
(1930); Cortese and Baahoiir, ibid., 119, 177 (1937). 

*« Wioland, Z. pKynol, Chem., 106. 181 (1919). 
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THE CARDIAC AGLUCONS AND THE TOAD POISONS ^69 

A number of glycosides of plant origin and the nitrogenous venoms 
secreted by the parotid glands of toads possess valuable cardiotonic 
properties. The administration of these substances to individuals with 
damaged heart function results in a decrease in the rate and an increase 
in the intensity of the heart beat. Overdosage produces pernicious 
vomiting and stoppage of the heart in systolic standstill. The cardiac 
principles are used for otlu'r purposes in medicine, but the principal use 
is for their characteristic lu'art action. In addition to their therapeutic 
use, certain of the glycosid(‘s have been employed lis arrow and ordeal 
poisons by savage tribes, particularly by the natives of Africa and the 
Malayan peninsula.- ' Acid or enzymatic hydrolysis of the glycosides, 
or of the venoms, splits off th(‘ sugar residues, or the nitrogenous bases, 
to give the so-called genius {Vr., gi nie, spirit). In the case of the gly- 
cosides these hydrolytic products are also calkal aglucons. The free 
genins are sparingly solul)le and an' convulsive poisons rather than 
satisfactory heart stimulants. I'hey are valueless medicinally. 

The Cardiac Aglucons 

The Cardiac Glycosides. The chief sources of the cardiac glyco- 
sides are the members of th(' plant orders Apocynaccae and Scrophiil’- 
anaceae. Of the latt^'r order certain genera of Digitalis (foxglove) 
furnish most of the drugs of therapeutic value. The principal glycosides, 
their sources, and their hydrolytic products are listed in Table VI. In 
this compilation the melting points have not been given, since these are 
more functions of the method of purification and of th(‘ rati' of heating 
than of the glycosides themsedves. In a few instances there is some 
uncertainty as to the? natun' of the sugar portion of the molecule. 

The cardiac glycosides are obtairu'd by extraction from the plant 
tissues indicated in Table VI, The isolation of the pure glycosides in 
quantity is difficult because of the low content in the plant ti.ssues and 
because of the presence of other substances that materially modify 
the solubility relations. Most of the glycosides that have been studied 
are probably not the true plant glycosides, since? there an? enzymes in 
the plants that rapidly bring about a partial hydrolysis. To prevent 
enzymatic hydrolysis, fresh leaves may be macerated with ammonium 

Books: Fieser; Lettr6 and InhofTen; Sudl, “The Cardiac Glycosides," Tho 
Pharmaceutical Press, London (19.37). Reviews: Jacobs, Physiol. Rev., 13 , 222 (1933); 
Kon, “Ann. Repts. Chem. Sor. (London)," Vol. 31, p. 218 (1934); Elderfield, Chem. 
Rev,, 17 , 187 (1935); Tschcschc, Er^eh. Physiol., 38 , 31 (193()). For preparative details 
of the glycosides see Van Rijn, “ Die Glycoside," Borntraeger, Berlin (1931). 

Lewin, “ Die Pfeilgifte," Barth, Leipzig (1923). 
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sulfate, the mixture pressed with an hydraulic press to expel water, and 
the glycosides extracted from the press cake with cold ethyl acetate. 
After evaporating this solvent in the cold, the residue is washed with 
ether, and the tannins and saponins removed by precipitation with 
neutral lead acetate. The glycosides are finally obtained by recrystalliz- 
ing from a solvent like methanol, all operations being carried out 
at low temperatures. The digilanides A, B, and C, the purpurea glyco- 
sides, and scillaren A are representatives of the true plant glycosides.-^ ^ 
The other compounds of Table VI are obtained from the dried tissues 
and are probably enzymatic degradation products, (is has been shown 
to be true in*a few instances. Thus, the juices of the fresh leaves have 
been used to convert purpurea glycoside A to digitoxin, purpurea gly- 
coside B to gitoxin, and digilanide C to digoxin.^"^ From the dried 
leaves the glycosides are generally extracted by means of alcohol, the 
tannins removed, and the products purified by precipitation and crystal- 
lization, or by partition between solvents, e.g., chlorofonn and water, 
or water-methanol. Although the pure glycosides are sparingly soluble 
in water, they may be extracted by this solvent in a few instances. The 
final purification is similar to tliat given above. The preparation of 
the glycosides in pure form is difficult because these extraction proce- 
dures frequently give mixtures of closely allied substances. The lack of 
pure products, together with the difficulty of obtaining satisfactory 
analyses by combustion, hiis been a great handicap, and the empirical 
formulas of the glycosides have been often revised. 

As many as four sugar molecules may be present in the native 
glycosides, and they are apparently always attached to the genin at the 
Ca — OH (see fonnula I below). The sugars are for the most part 
a-desoxy sugars (cymarose, digit oxose, and sarmentose), antiarose, 
digitalose, glucose, and rhamnose; their chemistr>" is discussed in Chap- 
ters 16, 17. With the exception of glucose* and rhamnose, these 
sugars are not found elsewhere in nature. When either glucose or 
rhamnose is joined directly to the genin molecule, the union is much 
firmer than with the other sugars, and the conditions necessary for com- 
plete hydrolysis are so drastic that partial dehydration occurs with the 
production of anhydrogenins, e.g., hydrolysis of ouabain, uzarin, etc. 

The Aglucons. With the exception of scillaridin A the aglucons 
may lx? described by the formula given in structure I. As this formula- 
tion shows, they may be rt^garded as derivatives of a norcholanic acid 
in which the C 20 — CH 3 has been replaced by an aldehyde group. The 

Stoll ana Kreis, Hdv. Chim. Acta, 16 . 1049, 1390 (1933). 

l.»ettrfi and Inhoffeu, pp. 177 et give of the ext>crimoiital details. Sec, also, 
Stoll, reference 269. 
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* Compiled from reviewn hy Jacobu, I'Idcrfield, and I’schearhe, roferonce and from Nruiimnn, /#rr., 70, (1937 

t Abbreviations: li =» bark, F == flowers, L = leaves, La latex. It — root, S sectis, W >= wood. 
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carboxyl group of the side chain is lactonized with the enolized form of 
the aldehyde group. Like other members of the cyclopentanoperhy- 
drophenanthrene group, the genins are hydroxylated at C 3 and have an 
additional hydroxyl group at C 14 . The spatial configuration of the ring 
nucleus is not the same in all the aglucons, but in most of them the 
relationship of rings A/B is probably cis. That of the other rings cannot 
be determined with certainty by the present methods, but x-ray and 
other physical measurements (p. 1712) sho wthat the genins are compar- 
able to the sterols and bile acids. Scillaridin A differs from the other 



I Ring system of the cardiac aglucona 
Rings A R: rt« or trans, generally ri«. 
C3 — OH: trans or cis, generally trans.j 


aglucons in that the lactone ring at C17 contains five carbon atoms and 
there is apparently no hydroxyl group at C3. The structure of this 
aglucon will be discussed separately. 

The principal aglucons are listed in Table VII. They differ from 
one another in the number of hydroxyl groups and in the stereochemistry 
of the ring system. The structural characteristics of the aglucons given 
in this table are subject to revision, but in most instances the proof 
is good if not rigid. 

The development of the structural chemistry of these compounds 
parallels that of the other members of the steroid group.’*' The presence 
of a lactone side chain as a common feature was noted early in the 
course of the investigation. Through the work of Jacol)s and col- 
laborators, working largely with strophanthidin, this ring was char- 

Bernal and Crowfoot, J. Soc. Chem, Ind., 63 , 953 (1934). The present ring system 
of the cardiac aglucons was suggested by Kon, ibui., 63 , 693 (1934), and theiH» measure- 
ments were used by him, iJnd., 63 , 956 (1934), to confirm his previous suggestion. 

* The earlier work is reviewed by Schmiedeberg, Arch. expU. Path. Pharmakol., 16 , 162 
(1883). Subsequent to this Kiliani, in a series of papers published in the Beriehte (1899- 
1931) and Arch. Pharm. (1895-1913), studied the iscdation of the pure glycosides. Modem 
constitutional investigation began in 1915 with the work of Windaus, reference 279. 

Feist, Ber., 31 , 534 (1898). 
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♦ Structural data from 7'«chesrhe other data from KIderfield.*** 
t Probable struct urea, 
t Contains a double bond at C\ ; C\i (?). 

$ Lactone ring contains extra carbon atom. Sec structure XLVIII (p. 1338) 
li Isolated as anhydrogenins. 
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acterized as an enolized lactone of a 7 -aldehydo acid. The oxygen atoms 
not accounted for in the lactone ring are present as secondary and ter- 
tiary hydroxyl groups and, occasionally, in an oxygenated methyl group 
at Cio. The ring system to which these groupings are attached resisted 
elucidation for some years, although the opinion had long been held 
that it was closely related to that of the sterols and bile acids. The 
problem was originally attacked by the study of the products of oxidative 
degradation, but again it was selenium dehydrogenation of monoan- 
hydrouzarig(min-^^ and of strophanthidin^^ ^ to Diels^ hydrocarbon 
that furnished the essential clue. With this evidence availabl(‘, the 
nuclear structure was soon more definitely characterized, and at the same 
time the position of attachment of the lactone ring wtis determimnl. 

The precise structural characterization of the ring nucleus and 
the assignation of the lactone ring to C 17 have come from the study of 
the two aglucons uzarigenin (II), and digitoxigenin. Tschesche,^^^ 
working with monoanhydrouzarigenin, converted it by hydrogenation, 
cold chromic acid oxidation (C3 — OH to carbonyl), and Clemmensen 
reduction to a mixture of two stereoisomeric lactoLs (III) (stereoisomeric 
about C 20 ). Vigorous oxidation of these yielded a mixture of stereoi- 
someric dicarboxylic acids (IV), both of which gave etioai/ocholanic 
acid (V) when degraded by the method of Barbier-Wieland. A similar de- 
gradation carried out on 7 -digitoxanol diacid (p. 1335) from digitoxigenin 
by Jacobs and Elderfield - ' ^ led to the formation of etiocholanic acid. 
Both of these degradations show that the lactone side chain is attached 
at Ci 7 , but neither of them gives complete infomiation about the 
spatial configuration of the nucleils. Since all the cardiac aglucons 
other than uzarigenin can be correlated with digitoxigenin, it would 
appear that they have the spatial configuration of etiocholanic acid. 
This is not nece.ssarily true, however, for in both degradations catalytic 
hydrogenation of a double bond at Ch : C 15 (or C's : Cm) is necessary, 
and in the hydrogenation a different spatial configuration from that of 
the native aglucons may result. Thus these degradations furnish 
information only on the spatial relations of rings A/B. 

The Lactone Side Chain. The degradation of monoanhydrouzari- 
genin to etioaZZncholanic acid also shows that there are four carbon atoms 

Tschesche and Knick, Z. physiol. Chem., 222, 68 (1933). 

”®Elderfield and Jacobs, Science, 79, 279 (1934); J. Biol. Chem., 107, 143 (1934); C/. 
Jacobs and Fleck, ibid., 97 , 57 (1932). 

Tschesche, Angew. Chem., 47, 729 (1934); Z. physiol. Chem., 229. 219 (1934); Ser., 
68 , 7 (1936); Tschesche and Bohle, Ber., 68, 2262 (1936). 

Jacobs and Elderfield, Science, 80, 434, 533 (1934); J. Biol. Chem., 108, 497 (1935); 
this last paper is very important since it correlates Jacobs* earlier work with the newer con* 
oepts. 
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in the lactone side chain, though this was known from other reactions 
prior to this degradation. The lactone ring of the glycosides and 
the aglucons is readily opened by alkali at moderately elevated tem- 
peratures. Indeed, a lactone titration at an elevated tempc^rature is one 
of the most satisfactory ways of determining the molecular weight of 
both the glycosides and the free genins.^^^ One of the a-hydrogens of 



Monoanhydrouzarigenin 


Hydrofi^enatlon, 

CrO, oxidation 

2 ^ 

and Clemmensen 
reduction 



the unsaturated hvctonc ring is active, but, on hydrogenation to the dihy- 
drogenins, this active hydrogen is no longer detectable. 

Pyridine solutions either of the glycosides or of the genins, when 
treated with an alkaline solution of sodium nitroprusside, give a char- 
acteristic rf*d color (legal’s test), but the dihydrogenins do not give 
this reaction. Jitcolis-**^ in his earlier work was led to believe that this 
color reaction wtis due to the unsaturated lactone ring and could be 
interpreted to show its structure. To establish this, lie examined the 
b(‘havior of the and A^’^-angelica lactones toward nitroprusside. 
The latter compound (VII) wiis found to give the same color reaction 

WMndauB and Hermanns, Her., 48. 991 (1915). 

*** Jacobs, Hoffmann, and Gustus, Biol. Chem., 70, 1 (1926). 
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as the genins, while the A“’^-lactone (VI) at first gave a very weak color, 
which, on standing, grew stronger until finally it was comparable with 
that of the A^’'^-lactone. Probably a rearrangement of the double bond 
is responsible for the final production of color. Similarly, toward silver 
solutions there is a parallel in behavior. The A^'^-lactones reduce 
ammoniacal silver solutions, the aglucons are weakly reducing, and 
the A“’^-lactone does not affect this reagent even on long standing. 
From these facts Jacobs concluded that the structure of the lactone side 
chain is that shown in fonnula I, and this conclusion has been con- 
firmed by several degradations carried out since then. 



XIa X15 


The aglucons, when treated with alcoholic alkali, undergo a char- 
acteristic rearrangement to saturated isogenins that no longer give the 
typical color reactions with nitroprusside. Saponification is not essen- 
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tial to the change, although it is possible that it may occur. Jacobs^® ^ 
has offered the following mechanism for the rearrangement; As the 
result of the action of alkali, the double bond at €20 : C21 shifts to 
Ci7 : C20, thus bringing the lactone group in a cis position with respect 
to an hydroxyl group (generally C14 — OH) 7 or 5 to the lactone aldehyde 
group. An oxide ring is then formed betwe<m the lactone ring and the 
hydroxyl, and, at the same time, the double bond is saturated through a 
rearrangement of hydrogen atoms. The change involving a C14 — OH 
group is represented in the partial structures VUI-X. On saponification 
of the isogenins, an equilibrium mixture of lactol (XIa) and open 
(XI6) forms is produced. 

The saturated dihydrogenias are not isomerized by alcoholic alkali, 
nor are the anhydrogenins that are produced by the action of alcoholic 
hydrochloric acid generally susceptible to this rearrangement. In the 
former case there is no labile double bond, and in the latter the 
C'u — OH has been removed as water by the action of the reagent. 
The correct interprtdation of this characteristic reaction has been of 
great value in detennining the structure of the cardiac substances. 

The Structure of Strophanthidin 

The genin strophanthidin has Ix^en studied more than any other 
aglucon, as it is relatively easy to obtain and is not in demand for 
pharmaceutical preparations. The chemistry" of this coinjx>und gives a 
good pictum of the type of problem that is met in the study of the 
aglucons, but the awkward tenninology that has grown up for stro- 
phanthidin and its d(Tivatives (and those of the other genins) is a real 
handicap in understanding the various transfonnations. 

Isolation. Strophanthidin (XII) is obtained from the glycosides 
present in several varieties of Strophanihus. From S. h)mbi% for exam- 
ple, a mixture of cymarin and k-strophanthin-/ 3 , together with unchar- 
acterized amorphous glycosides, is obtained. C>miarin may be sepa- 
rat(xl from the mixture by dissolving it out with chloroform,-'®® and 
on hydrolysis it yields the aglucon and the sugar cymarose, C7H14O4.-®® 
k-8trophanlhin-/J, in turn, gives strophanthidin and a disaccharide, 
(h:jH240«, composed of cymarose and glucose; glycosidic union with 
the genin is through cymarose.*®'* Aside from the unsaturated lactone 
ring, strophanthidin possesses a free aldehyde group at Cio, tertiary 

Jacoha and Collins, ibid,. $1. 387 (1924). Cf. Feist, Ber., S3, 20G3, 2069, 2091 (1900). 
nnd W’indaua, reference 279. 

*** Jacoha and Gustus, J. Biol, Chem,, 74 , 811 (1927). 

** Jacobs and Hoffmann, tWd.. 67 , 609 (1926). 

JacolM and Hoffmann, ibid., 66 . 15.3 (1926). 
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hydroxyl groups situated at C5 and C14, and a secondary hydroxyl group 
at C3. 

The Lactone Ring. On titration the unsaturated lactone ring of 
strophanthidin consumes one equivalent of alkali, and on catalytic 
reduction it absorbs one mole of hydrogen to form a dihydrogenin.^®^ 
That the lactone ring contains four carbon atoms is shown by the oxi- 
dation of trianhydrostrophanthidin, which is discussed later. 

The Ci4 — OH Group. In the change strophanthidin (XII) 
isostrophanthidin (XIII) the hydroxyl group involved must be tertiary, 



since the monoanhydrostrophanthidin produced by the action of alco- 
holic hydrochloric acid cannot be isomerized. To meet the requirement 
of being tertiary as well as 7 or 6 with resf^ect to the aldehyde group of 
the side chain, Ch is the only position that can bt? considered for this 
hydroxyl group. 

Jacobs and Heidelberger, ibid., 64» 253 (1922). 
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Some of the products that can be formed from strophanthidin and 
isostrophanthidin by the proper choice of oxidizing agent are of impor- 
tance in subsequent arguments and further illustrate th(‘ isomerization 
under consideration. Hypobromite acts selectively on the aldehyde 
grouping of the lactone ring after saponification, and permanganate will 
oxidize the Cio — CHO group without affecting the side chain if it has 
not been saponified. By the judicious application of these oxidizing 
agents all the possible carboxylic acids from strophanthidin and iso- 
strophanthidin have been realized.^®-* The products of the trans- 
formations are shown in structures XII-XVII. Of these a-isostrophan- 
thidic (XIV) and a-isostrophanthic (XVII) acids are of greatest impor- 
tance for subsequent consideration. It should be noted that isostro- 
phanthidin and all the products derived from it are capable of existing 
in two forms due to the new center of asymmetry produced at C20 as a 
result of the isomerization. 

Further evidence for the attachment of an hydroxyl group at Cu 



Jacob® and CoUins, 6#, 491 (1926). 
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comes from the study of dihydrostrophanthidin, 7 gy action of 
alcoholic hydrogen chloride the dihydrogenin is converted to an anhy- 
dride (XVIII) which is unsaturated at C 14 : Cis. Treatment of this 
anhydride with potassium permanganate produces a glycol (XIX), and, 
at the same time, the Cio — CHO is oxidized to carboxyl. Further oxi- 
dation with chromic acid opens ring D and converts the C3 — OH to 
carbonyl (structure XX). On catalytic hydrogenation the carbonyl 
groups at C3 and Ch are both reduced to hydroxyl groups and the 
product is isolated as the lactol of structure XXI. The spontaneous for- 
mation of the lactone indicates a 7 - or 5-lactone. The transformation 
XVIII-XXI is explicable onl}^ on the basis of an hydroxyl at Ch in the 
parent compound, dihydrostrophanthidin. 

The Cio — CHO Group. Reduction of the aldehyde group of a-iso- 
strophanthidic acid (XIV) to methyl by the Wolff-Kishner method 
gives isoperiplogenic acid, which, in turn, can be prepared from digitoxi- 
genin.2®® Since the latter, through its correlation with etiochohmic 
acid, is known to have methyl groups at Cio and C13, the aldehyde group 
of strophanthidin must be attached at one of these positions, but C13 
is eliminated by the following considerations: In the production of 
monoanhydrostrophanthidin by the action of alcoholic hydrochloric 
acid, the anhydrogenin is isolated jis a cyclo-half-acetal. This compound 
does not possess the properties of an aldehyde or of a secondary alcohol, 
but on hydrolysis these functions are regenerated. Since the secondary 
hydroxyl group can be shown to lx- attached at C3 by other reactions, 
and the aldehyde group must be in a 7 or 5 relationship to this hydroxyl 
to form a cyclo-acetal, Cjo is the only posvsible po.sition of attachment. 

The steric relations involved in the formation of the acetal are 
brought out by a similar lactonization that takes place with the / 3 - 
isostrophanthidin derivatives. \\ hen a-isostrophanthidic acid 
(XIV) is boiled with alkali, it rearranges to d-inostrophanthidic acid in 
which the aldehyde group exists both free and jus the iactal in combina- 
tion with the secondary hydroxyl group. On oxidation with pCTinanga- 
nate, the aldehyde group at Cio is converted to carboxyl and this acid 
also readily lactonizes. Since the compounds of the a-isostrophanthidin 
series do not lactonize in this way, a rearrangement must occur in the 
alkaline treatment to bring the aldehyde group and the secondary 
hydroxyl into a cis configuration with resjK^ct to each other. Tschesche 
and Bohle^^® have suggested for the isomerization to the /fikieries that 

Jacobs and Elderficld, ibid., 113, 611 (1936). 

^62 ibid., 91 , 617 (1931); Jai^oba and Elderfield. 

Jacobs and Gustus, ifnd., 74 , 829 (1927). 

*®®TBche8che and Bohle, Ber., 69, 2443 (1936). 



THE STEROLS AND RELATED COMPOUNDS 


1327 


the treatment with alkali first splits off the Cs — OH, that the resulting 
unsaturated compound (XXII) then undergoes allyl rearrangement to 
XXIII, and that water finally adds to the double bond to give an 
hydroxyl group at C 3 ds to the Cio — CHO (structure XXIV). Possibly 
the same kind of transformation occurs in the formation of the ethyl 



acetal of monoanhydrostrophanthidin.^® ^ It may be recalled in this 
connection that in the Walden inversion about C 3 in other members of 
the group a satisfactory mechanism hjis not been developed. 

By the action of concentrated hydrochloric acid the Cio — CHO 
group may be brought into reaction with the Cu — OH to form the 



XXV I^»«udolttropbanthidin 


so-called pseudostrophanthidin, to which formula XXV has been 
Jissigned.^*^^ The structure appears to be satisfactory', since pseudo- 
strophanthidin cannot be isomerized, contains a secondary hydroxyl 
group, and gives the reactions to be described later for the C 5 — OH 
group. 'Fhe formation of such a compound, however, may involve a 
steric rearrangcmient, since spatially strophanthidin appears to resemble 
epfcoprosten)! and the Cio— CHO and the Cu — OH are presumably 
irans to each other (r/. coprostane model, p. 1252). 

The C3 — OH Group. The first evidence that an hydroxyl group is 
attached at C3 in the cardiac aglucons, and therefore in strophanthidin, 
wiis obtaineil from the study of a derivative of dihydrogitoxigenin (see 
btdow) in which all the tertiary hydroxyl grouj>s had been replaced with 

*•* r/. Elderfiold, C^rm. Rrr., 17, 229 (1935). 

*** Jacobs and Collins, /. Biol, CAcm., 63, 123 (1925). 
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hydrogen. Vigorous oxidation of this genin derivative cleaved the ring 
bearing a secondary hydroxyl group and gave a dibasic acid. When the 
dibasic acid was subjected to thermal decomposition, a p3a’o ketone was 
obtained. The reaction was carried out by Windaus^®^ when the 
structure of cholesterol was still unknown, and at that time the forma- 
tion of a pyro ketone could not be correctly interpreted. Windaus 
recognized that the parallel behavior of this diacid and the one formed 
by similar treatment of cholesterol indicated a correspondence of 
structure. 

The definite placement of a secondary hydroxyl group in strophan- 
thidin at C3 was later made by a series of reactions analogous to those 
used in locating the C3 — OH of cholesterol. With a-isostrophanthic 
dimethyl ester (XXVI) as a starting point, cold chromic acid oxidation 
gives the corresponding ketone, a-isostrophanthonic dimethyl ester 
(XXVII). The latter readily loses water to give the unsaturated ketone 
(XXVIII), which, when treated with ozone, is cleaved in ring A to form 
undephanthon triacid dimethyl ester-®'* (XXIX). On treatment with 
weak alkali, this keto acid (XXIX) suffers /3-ketone decomposition and 
is converted to duodephaiithondiacid (XXX), and by the action of 
acetic anhydride-acetyl chloride, the diacid is transfonned to an unsatu- 
rated lactone^ (XXXI), which may b^^ catalytically reductni to the 
saturated dephanthanic acid (XXXII). Barbier-Wieland degradation 
of dephanthanic acid converts it with the loss of four carbon atoms to 
dephanthic acid;-®^ three of these carbon atoms come from the C17 side 
chain, the fourth is formed by shortening the fragment of ring A. 
These reactions show that a sequence, — CH2 — CHOH — CH2 — , is 
present in one of the rings and terminates at a tertiary carbon. This 
sequence can be accommodated only in ring A, and the requirement 
of termination in a tertiary carbon atom places the hydroxyl group 
definitely at C3. 

Since strophanthidin does not give an insoluble digitonide, the 
C3 — OH group is probably tram to the Cbo — CHO. The evidence is 
inconclusive, however, since cholestanetriol (3,5,6-trihydroxy), in which 
the C3 — OH is presumably cis to the Cio — CH3, fails to give an insolu- 
ble digitonide (p. 1259). 

The C5 — OH Group. As mentioned above, the dehydration of 
a-isostrophanthonic acid (XXVII) proceeds with great case. Since 
such dehydrations are typical of /3-hydroxy ketones, a tertiary hydroxyl 

Windaus, Westphal, and Stein, Bcr., 61 , 1847 (1928), 

Jacobs and Gustus, J, Biol. Chem., 76 , 539 (1928), 

Jacobs and Gustus, ibid., 92 , 323 (1931). 

Jacobs and Elderfield, ihid., 102 , 237 (1933). 

2*7 Tsehesebe and Bohle, Ber., 68, 2252 (1935). 
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group is placed at C 5 , for only at this position can an hydroxyl group be 
both jS to C3 and tertiary. The C5 — OH group is probably cis to the 
Cio — CHO. This is shown by the following evidence from the work of 
Jacobs and Elderfield:^^® When dihydrostrophanthidin is treated 
with hydrogen cyanide, the Cio — CHO is converted via a cyanohydrin 
to two isomeric a-hydroxy acids. Both these acids readily form lactones 
(so-called homolactones) through interaction with the Cs — OH. The 
involvement of this hydroxyl group in the formation of homolactones is 
shown by the fact that anhydrostrophanthidin gives similar reactions, 
and that the lactones can be converted to ketones (OH at C 3 ) or formed 
after protection of the C 3 — OH by benzoylation. Tschesche^’'^^ has 
pointed out that this ease of lactone formation indicates a cis relation- 
ship between the C 5 — OH and the Cio — CHO. (C/. Alder-Stein rule, 

p. 1261.) 

The Anhydrostrophanthidins. Dehydration of monoanhydrostro- 
phanthidin to dianhydrostrophanthidin is effected by heating the acetal 
of anhydrostrophanthidin with alcoholic hydrogen chloride. The 
product obtained is the ethyl hemiacetal of dianhydrostrophanthidin 
(XXXIV), formed by the loss of the Cn — OH. When dianhydrostro- 
phanthidin is treated with concentrattKl aqueous hydrochloric licid, 
another molecule of water is lost with the fonnation of trianhydrostro- 
phanthidin^-^- (XXXV). With the exception of the double bond of 
the lactone ring, the trianhydrogenin shows none of the propiTties of an 
unsaturated compound, and when oxidized with fuming nitric acid, 
yields 1,2, 3, 4-benzene tetracar boxy lie acid.^'^^^ The production of this 
tetracarboxylic acid is explicable if, in the fonnation of trianhydro- 
strophanthidin, the Cio — CHO wanders to Ci with a simultaneous shift 
of bonds to produce aromatization of ring B. Fieser^^^^ has suggt'stcHl 
that the reaction may be explained by an enlargement of ring A to a 
seven-membered ring, rather than a shift of the aldehyde group. There 
is some question as to whether this change takes place in the production 
of trianhydrostrophanthidin or whether it has already occurred in the 
formation of the dianhydrogenin.^^^^ The lactone ring of strophanthi- 
din is, in general, quite resistant to oxidizing agents. In trianhy- 
drostrophanthidin, however, the ring is easily oxidizied away to give the 
acid of the probable structure shown in fommla XXXVI. 

In the previous discussion the nuclear double bond in monoanhydro- 
strophanthidin has been assigned to Ch : C15. This is apparently true 

2 ®® Jacobs and Elderfield, J. Biol. Chem., 113 , 625 (1936). 

Tschesche and Knick. Z. physiol. Chem., S29, 233 (1934). 

Fieser, Monograp)h p. 274. 

Elderfield, Chem. Rev., 17 , 226 (1935). 

Jacobs and Gustus, J. Bid. Chem., 74 , 806 (1927). 
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for alkaline media, but in certain reactions in acid or ne\itral media there 
is evidence that the double bond shifts to Cg : C\^ {cf. a-stenols and 
apocholic acid). In dianhydrostrophanthidin there is another anomaly. 
When the lactone side chain of monoanhydrostrophanthidin is saponi- 
fied, the aldehydo acid obtained does not relactonize.^^^^-^ Apparently 


Strophanthidin 


Alcoholic 
HCl ^ 



Concentrated 

^ 


HCl 


XXXIV Dianhydroatrophanthidln 
bemiacetal 



UNO, 

1,2, *3, 4-Benzenetetracarboxylic acid 


this is due to a rearriingement of the lactone double bond into ring D to 
form a conjugated system Cm : C15 • Cu\ : C17. The double bonds of 
monoanhydro- and dianhydrostrophanthidin can be preferentially 
hydrogenated; as in certain of the sterols the nuclear double bonds are 
hydrogenated more etisily than the double bond of the side chain. 

The stereochemistry of th^ anhydrostrophanthidins and certain 


Jacobs and ElderBeld, ibid,. 108, 693 (1935). 
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other unexplained products such as the 7 - and 5-strophanthidin series^®® 
is a problem of the future. 

Interrelationship of the Aglucons 

The aglucons have been correlated through conversion to mutually 
common compounds. In this manner they have been shown to have the 
same ring system and an hydroxyl group at C 3 . Since digitoxigenin, 
gitoxigenin, strophanthidin, and anhydrosarmentogenin do not give 
insoluble digitonides, the C3 — OH is probably trans to the Cio — R in 
these genins and those that can be simply related to them. All the 
aglucons or their glycosides give a positive Ix'gal’s test, isomerize when 
treated with alcoholic alkali, and are dehydrated by alcoholic hydro- 
chloric acid. Thus the unsaturat(‘d lactone ring and an hydroxyl group Jit 
Ci 4 are common characteristics. The number and |X)sition of other 
hydroxyl groups have been determined by special methods. Brief sum- 
maries of the work leading to the present structures are given below. 

Periplogenin. As cited above, isoperiplogenic acid may 1x3 formed by 
reduction of the Cio — (TIO of a-isostrophanthidic acid (XIV) to 
Cio — CH3. Periplogenin is, therefore, a desoxostrophanthidin. 

Digitoxigenin. Oxidation with chromic acid of the methyl ester 
of isoperiplogenic acid converts it to a ketonic (\ster (carbonyl at O 3 ), 
which readily loses water (Cr, — OH) to form an anhydro ketone. On hy- 
drogenation of the anhydro compound a mixture of stc'reoisorneric 
dihydro compounds is obtained; one of these (isodigit oxigonic ester) is 
identical with an ester formed from digitoxigenin. The two hydroxyl 
groups of digitoxigenin must be attached at (J3 and C 14 . Digitoxigenin 
does not form an insoluble digit onide and the Cn — OH must be tram to 
the Cio — CH; 3 . The degradation of digitoxigenin to ctiocholanic acid 
via 7 -digitoxanol diacid (p. 1320) shows that the relation of rings A/B 
is cis. 

Thevetigenin.*^^'' WTien thevetin is hydrolyzed with hydrochloric 
acid, two molecules of glucose and one of wat(‘r are split off to give 
monoanhydroprothevetigenin, a partially desugared product which 
probably contains digitalose. The hydroxyl group lost in the hydrolysis 
is presumably attached at C 14 , since pcitassium hydroxide isoinerizes the 
glycoside but not the hydrolytic product. After the partially desugared 
genin is saturated to a tetrahydro compound, it may be completely 
hydrolyzed. The resulting tetrahydroanhydrothevetigenin is converted 
by careful oxidation with chromic acid into tetrahydroanhydrodig- 
itoxigenone, thus placing the second hydroxyl group at C3. The 

Jacobs and Elderfield. ibid., 9%, 31i3 (19.31). 

Elderfield, ibid., 115, 247 (1936); Tschosche, Ber., 69, 2368 (1936). 
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Ca — OH must be cis to the Cio — CH 3 group, since anhydrothevetigenin 
forms an iasoluble digitonide. 

Uzarigenin .2 7 5. 27 7 jhe aglucon uzarigenin has been isolated only 
in the form of its monoanhydrogenin. The glycoside is isomerized by 
alkali, but the anhydrogenin is not. Thus the hydroxyl group that is 
lost in hydrolysis is attached at Ch in the genin itself. By correlation 
with periplogenin a second hydroxyl group has been placed at C3. 
Since the anhydrouzarigenin forms an insoluble digitonide, this C3 — OH 
is cis to the Cm — (^Ha. The degradation of monoanhydrouzarigenin to 
etioaiiocholanic acid (p. 1320) show\s that the relationship of rings A/B 
is tram. Uzarigenin appears to be the only aglucon in which these 
rings have this relatioaship. 

Digoxigeiiin.*^^^^' Although the aglucon digoxigenin contains two 
secondary and one U^rtiary hydroxyl groups, the diketone resulting 
from oxidation of the genin gives mono derivatives with ketone reagents. 
When the aglucon is dehydrated, two anhydrodigoxigenins are pro- 
duced (double bond at Cu : Cir, or ( V : C’u) and catalytic nduction of 
tlu* [)rincipal didiydration product converts it to a tetrahydroanhydro- 
g(min from which a diketone is obtained by cold chromic acid oxidation. 
Cl(*mm(‘n.sf‘n naluction of the diketone conv(*rts it to a saturatcai lactone 
which is identical with a lactone pr(‘pared fix)m digitoxigemin in a similar 
way. Th(*refon‘ the* ring syste'in of digoxigenin is the same as that of 
digitoxigemin. Oxidation of the dik(*tone converts it to a k(*todicar- 
lK)xylic acid which, on p^Tolysis, yields a p\To ketone. This bcdiavior 
indicates an hydroxyl group attach(*d to ring A, probably at C 3 . The 
other s(*condary hydmxyl group may bt* placed at Cn by eliminating 
tlu* r(‘st of the po.sitions through the following considerations: The 
dik(‘tone from the cold chromic acid oxidation is r(*arranged wiien 
tr(‘at(‘d with alkali, but (kK\s not form a inTidazine with hydrazine. The 
ability to rearrangi* in the pres(*nce of alkali show\s that the carbonyl 
group und(*r discussion is adjac(‘nt to a hydrogen attached to the bridge 
he ad of tw^o rings, and the inability of the diketone to form a pyridazine 
indicates that the carU)nyl is not attached at The anhydro diketone 
from digoxig(*nin does not alxsorb ultra-violet light, and lx*cause of this 
th(‘ doubh* bond fonned by loss of the Cm — OH cannot be in conjuga- 
tion with a carbonyl group. Attachment of the hydroxyl at C7, C15, or 
Cio is therefore elimimited. Finally, attachment at C 12 is not possible, 
lx*cau 8 (^ the saturated diketone rearranges w^hen treated with alkali. 

Gitoxigenin. The aglucon gitoxigenin (XLI) possesses one tertiary 
(Ci 4 ) and two secondary hydroxyl groups. One of these secondary 

^ Smitii, J, Chem, Soc., 608 (1930) ; 23 (1931) ; 1050. 1305 (1935) ; 364 (1936) ; Tschescho 
and Bohio, Rcr., 69. 793 (1936). 
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groups is attached at C3, and the other has been placed at Cie. This 
second hydroxyl group enters into reactions with the unsaturated lac- 
tone side chain, so that alkaline isomerization of this genin is somewhat 
different from the normal. The isogenin (XXXVII) formed by treat- 
ment with alkali is unusually stable, and the lactone of the oxidation 
product, isogitoxigenic acid, is relatively resistant to hydrolysis. If 
gitoxigenin is oxidized with chromic acid to diketogitoxigenin, the 
product does not give a positive Legal maction. This is probably due to 
a spontaneous formation of an isogenone through interaction with the 
Ci 4 — OH. The mechanism of the reaction may be a shift of the double 
bond of the lactone side chain into conjugation with the carbonyl double 
bond at Cm. The probable structure of the isogenone is shown in 
fonnula XXXVIII. 

On hydrogenation gitoxigenin is converted into two isomeric a- and 
/3-dihydrogenins.^^® Both these dihydrogitoxigenins undergo mutaro- 
tation, probably through a r(‘arrangement involving the lactone group. 
Structures XXXIX and XL represent the probable configurations of 



XXXMl 

Isugiloxigeniri 


CH 


CH CH2 



XXXIX 

a-Dihydrogitoxigenin (dextro) 




XL 

/J-Dihydrogitoxigoniu (levo) 


these two dihydrogitoxigenins. As is evident from these structures, in 
the /3-form lactonization has occurred on the .secondary hydroxyl group 
at C 16 . On oxidizing the a-dihydrogenin a dihydrogitoxigenone is 
obtained. This ketone is easily dehydrated, as would be ex|XiCted of a 
compound in which the tertiary hydroxyl group is in a /^-position with 
respect to the carbonyl group. 

Jacobs and Gustus, J. Biol. Chem., 79, 653 (1928) ; 82, 403 (1929) ; 88. 531 (1930). 
Jacobs and Elderfield, J. BioL Chem., 100, 671 (193.3). Cf. Windaus, et al., reference 

203 . 
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Gitoxigenin (XLI) has been correlated with digitoxigenin by the 
following reactions After isomerization the Lsogitoxigenin was 
saponified and oxidized to isogitoxigenic acid (XLII), which differs 
from the usual isogenic acids in that lactonization takes place with the 
Ci6 — OH. The Ci4 — OH was converted to a chloride, and the chloro 
acid transformed to an unsaturated acid (XLIII) by splitting out 
hydrogen chloride. On catalytic hydrogenation the lactone ring was 
opened, the Cio — OH group replaced, and the double bond saturated. 
The resulting acid was the digitoxanoldiacid (XLIV) previously men- 
tioned (p. 1320). 




Oli'andrin is an acetyl glycoside of gitoxigenin.'^®^** Hydrolysis of 
oleandrin with acid gives the sugar oleandrose, (^ 7 Hi 404 (a methyl ether 
of a methyldesoxypentose) and the geiiin oleandrigenin, C 25 H 36 O 6 . 
Alkaline hydrolysis converts oleandrigenin to gitoxigenin iind acetic 
acid. In oleandrin, gitoxigenin is acetylated at Cie* 

Sarmentogenin.^ ^ ® Of the three hydroxyl groups in sarmentogenin, 
two Clin l)e acetylated, but the tliird is tertiary. The tertiary hydroxyl 
Jacol>» and Guatua, J. Biol. Chem., 86. 199 (1930). Cf. Windaus and Freese, 

68, 2503 (1925), and earlier paj^era. 

*«»« Neumann, Ber., 70 . 1547 (1937); Tschesche. Ber., 70 . 1554 (1937). 

2*®T8ch©8che and Bohle, Ber., 60. 2497 (1930). Cf. Tscheache. Ber., 68, 423 (1935); 
Jacobs and Hoffmann, J. Biol, Chem., 79 , 531 (1928). 
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group is probably attached at Cm, since isogenins are formed And the 
hydroxyl is easily removed. Careful oxidation of the genin gives a dike- 
tone, but only one of the carbonyl groups is reactive. The two secondaiy 
hydroxyl groups have been placed at C 3 and Cn by the following reac- 
tions: Hydrolysis of the glycoside with alcoholic hydrochloric acid 
gives an a-anhydrosarmentogenin, which by catalytic reduction is con- 
verted into an a-tetrahydroanhydrosarmentogenin. When this tetrahy- 
droanhydrogenin is oxidized with chromic acid, a ketodicarboxylic acid 
is obtained, which yields a pyro ketone on thennal decomposition. This 
behavior is typical for an hydroxyl at C3. Controlled oxidation of the 
tetrahydroanhydrogenin converts it to a mixture of products from which 
a diketone can be isolated. On Clemmensen reduction the diketone is 
transformed to a nionoketone. This is finally converted to a saturated 
lactone by catalytic reduction to an alcohol, dehydration, and repeated 
reduction. The saturated lactone agrees in properties with a product 
obtained by similar procedur(\s from digoxigenin. Sairrumtogenin and 
digoxigenin are therefore stereoisomeric, presumably in the mannc'r of 
fusion of rings B and C. In digoxig(‘nin thes(» rings may have th(' nonnal 
trans configuration, and in sarmentogeiiin an abnormal cis arrangement. 

The inertness of groupings attach(*d at Cn in either digoxigenin or 
sarmentogenin distinguishc's this position. The satiiratiHl alcohol 
obtained from the nionoketone of sarmentogemin mentioned alx)V(‘ is 
hydroxylated at this point and the* hydroxyl group is so in(*rt that it 
does not react with benzo}^ chloride in pyridiin^ solution nor can chloriiK^ 
be substituted for this hydroxyl by tr(‘atnu‘nt with thionyl chloride or 
phosphorus pentachlorid(‘. Tlu* doubl(‘ lx)nd of the dehydration prcxhict 
(^9,io.dihydrolacton(‘) of this alcohol cannot b{‘ hydrogenated in alco- 
holic media, but do(‘S take up hydrogen in glacial acidic acid. 

Antiarigenin.'^ ^ ^ Little is known of the aglucon antiarigenin. 
On hydrolyzing the glycoside, )3-antiarin, two mol(*cules of water are 
lost because of the very drastic conditions necessary for the hydrolysis; 
probably the hydroxyl groups removed an* tertiary. There is one 
secondary hydroxyl group in the molecule, as shown by lienzoylation of 
the dianhydrogenin, and a carbonyl group is indicated by the uptake of 
hydrogen in catalytic hydrogenation. Tschesche hius suggested that 
antiarigenin differs from strophanthidin by an additional hydroxyl 
group, 

Convallatoxigenin. ^ glycoside convallatoxigenin, from the 

lily-of-the-valley , contains two double bonds, one of which is reduced 

Kiliani, Ber„ 43, 3574 (1910;; 46, 607, 2179 (1913) ; Ta(4»oiiche and Haupt, Ber., W, 
1377 (1936). 

31* Jacobs and Bigolow, J. Biol, (hem., 96, f»47 (1932); 101. 15 (1933). Fleser Wld 
Newman, ibid., 114, 705 (1936). Thc hosche. Bcr., 70, 43 (1037). 
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With difficulty by catalytic hydrogenation. Since the glycoside gives a 
typical color redaction, one of these double bonds is in the lactone ring 
and the other presumably in the ring nucleus. On hydrolysis the glyco- 
side loses water to give a non-crystalline rnonoanhydrogenin which con- 
tains three double bonds, but does not absorb light in the ultra-violet. 
As the glycoside can be isomerized and the anhydrogenin cannot, the 
hydroxyl group of the genin lost in hydrolysis was probably attached at 
(^ 4 . The absence of absorption in the ultra-violet shows that the double 
bond fonned in hydrolysis is not in conjugation with the original nuclear 
double bond. The rnonoanhydrogenin contains one secondary and 
two tertiary hydro.xyl groups, llie s(*condar>" group is probably located 
at C:i and tlu^ two tertiary hydroxyl groups at C 5 and Cg. The nuclear 
double bond is presumably at C 9 : Cn. 

Ouabagenin. ^ ^ ^ A structure for this genin cannot be given. The 
usual methods of hydrolysis are not satisfactory, as ouabain is made up 
of a genin united with rhamnose. The glycoside is isomerized when 
tHMited with alkali, thus suggesting an hydroxyl group at Ch. When 
the glycoside is sul)jected to acetolysis, a mol{*cule of formaldehyde is 
fornuxl, !ind, at the same time, one of the rings becomes benzenoid. 
This luis been interpreted to indicate the grouping at Cio. 

I'hen* is probably an hydroxyl group at C 3 and three additional hydroxyl 
groups at other positions 

The Squill Aglucon 

Two glycosides, scillaren A and B, have been ol)tained from the 
bulbs of the scjuill (Scilla inaritifna) by Stoll and co-workers, ^ but 
only the fii>«t of these has b(H*n obtained in pure form. By enzymatic 
hydrolysis scillanui A is split to give proscillaridin A iind glucose. 
By nutans of aeicLs, proscillaridin A may be hydrolyzed, yielding a mole- 
cuh‘ of rhamnos(* and, with the loss of water, the aglucon scillaridin A. 
Although the glycoside and the genin contain a titratalde lactone 
grouping, neither gives I^^gals test. On catalytic hydrogenation 
scillaren A takes up three moles of hydrogen, and .scillaridin A four 
mol(\s. 'Fhe genin is easily dehydrattal to an anhydrogenin, which, by 
catalytic hydrogcuiation, yields a mixture of acids from which alio- 
cholanic acid (p. 1299) has been isolated. The fonnation of this acid shows 
quite simply that the lactone side chain of scillaridin A contains five 
rather than four carbon atoms, 

Karirr. Chim. Ada, IS, 506 (1920): Tsrhesrbp and Haupt, Ber., 69. 459 (1936); 

and Newman, J. Bioi, Chem,, 114, 705 (1936); Tm'hesche and Ilaupt. J5er., 70, 
13 (1937). 

8t<»U and co-workem, Z, phj/ttiol, Chtm,, SSI, 24 (1933); ffeh\ Chim. Ada, 17, 641, 
1334 (1934); 18, 82. 120, 401. 644. 1247 (1935). 
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When scillaridin A is treated with methanolic potassium hydroxide, 
the lactone ring is opened with the formation of an ester (XLV), rather 

CH-CH-COgCHa CH^CH-COaCHa 

C=CH-OH C=CH 




than a potassium salt. This ester readily loses water to form a deriva- 
tive (XLVI) of isoscillaridin A. The anhydrogenin is likewise esterified 
by methanolic potassium hydroxide, but the ester from anhydroscillari- 
din A is stable and cannot be isomerized, nor does it give the expected 
reactions of an enol. Its abnormal behavior may be due to rearrange- 
ment of the C20 double bond into ring D as has been noted with the 
anhy drostrophanthidins . 

Scillaridin A absorbs light in the ultra-violet at 290-300 m^t. This 
has been interpreted by Stoll to indicate a conjugated system in ring B 
comparable to that of ergosterol, but the absorption is not that of the? 


CH«CH-CO 

I I 

C = GH-0 



OC2iH2iOg (Rhamnoae-glucoae) 

XLVII Scillaren A 
(provisional) 


CH«CH-CO 

I I 

C==»CH-0 



OH 


XLVIII Scillaridin A 
(provisional) 


dehydrosterols and is probably due exclusively to the unsaturated lac- 
tone ring (see Toad Poisons). Stoll prefers the dehydrosterol structure, 
however, and offers in support the positive Rosenheim test (p. 1272) that 
scillaridin A gives. In any event, the hydroxyl group to which the sugar 
residues are attached is split off during hydrolysis. Assuming that this 
hydroxyl is at C5, Stoll has offered the provisional formulas XLVII for 
scillaren, and XLVIII for scillaridin A. It is noteworthy that according 
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to these formulations scillaridin A is one of the few compounds of this 
group in which there is no hydroxyl group at C 3 . 

The Toad Poisons 

The venom secreted in the parotid gland of the toad is a compli- 
cated mixture consisting of several conjugated and free genins. Other 
substances present include adrenaline,^ ^ bufotenidine and related 
tryptamines,^ ^ ® sterols,^ fats, etc.* The toad poisons proper are 
suberylarginine derivatives of the genins. The nature of the genins, or 
bufagins, as they are called, varies with the species, and they may be 
differentiated by means of a prefix indicating the toad from which they 
are isolated. ^ ^ As a result of enzyme action, hydrolysis of the venom 
to the free genins occurs in the toad secretion, but with acid hydrolysis 
dehydration takes place and only anhydrogenins are obtained. The 
bufagins are polyhydroxy or acetylated hydroxy lactones, containing 23 
or 24 carbon atoms, and are more closely allied with scillaridin A than 
with the other aglucons. Many of them give a positive Liebermann 
test, and none gives LegaFs test. 

Marinobufagin (or bufagin), C24H34O5, m.p. 213®, from the toad 
Bufo marinus was the first genin to be isolated,^ but bufotalin, 
C 24 H 3405 (CH 3 C 0 ), m.p. 148®, from the common European toad, Bufo 
vulgaris j has been studied more extensively. The parotid secretion of 
this toad may be collected without injury to the animal by expressing it 
with tweezers. The exudate is collected in a dish or absorbed in cotton 

Jensen and Chen, J. Biol. Chem., 82 , 397 (1929); 87 , 741 (1930); Deulofeu, Z. 
physiol, Chem., 237 , 171 (1935). 

316 wieland, Konz, and Mittasch, Ann., 613 , 1 (1934). 

Chen, Jensen, and Chen, Proc. Soc. Exptl, Biol. Med., 29 , 905, 907 (1932); Hiittel 
and Behringer, Z. physiol, chem., 245 , 175 (1937). 

♦ Cholesterol and 7 -sitosterol are the sterols that have been isolated from toad poisons. 
On the basis of the absorption spectra (p. 1271) of the sterol extracts it is possible that 
ergosterol is present, but the identification is not definite, since the other dehydrosterols 
show the same absorption bands. It is remarkable that a phytosterol should be present 
in the poison, and its occurrence is further proof that cholesterol is not the only animal 
sterol. The body sterol of the toad is cholesterol. 

According to Kutscher and Ackermann [Z. Biol., 84 , 181 (1926)], animals may be 
divided into two groups: the vertebrates who excrete creatinine, and the invertebrates 
who excrete arginine. (See also Baldwin, “ An Introduction to Comparative Biochem- 
istry," Macmillan, New York (1937), Chapter IV.) The toads form a third, special sub- 
group, since both free and combined arginine occurs in their poison glands — an indication 
of similarity of the toad to invertebrates and plants as opposed to the vertebrates. The 
poison of the toad may be viewed as another link to the plants and Hiittel and Behringer 
have suggested that sitosterol may play a role in the genesis of those substances. 

Chen and Cben, J. Pharmacol., 49 , 561 (1933). 

Abel and Maoht, ibid., 3 , 319 (1911); Jensen and Evans, Jr., J. Biol. Chem., 104 , 
307 (1934); Jensen, J. Am. Chem. Soc., 59 , 767 (1937). 
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batting. The difficulties involved in obtaining the pure venoms and 
their genins are illustrated by the recent work of Wieland,^^® in which 
the exudate from 33,000 toads was taken up in cotton batting, dried in 
vacuum, and the dried product extracted with chloroform. After 
purification of the chloroform extract by shaking out the acidic sub- 
stances, the genins and related compounds were separated from fatty 
material by precipitation with petroleum ether. An acetone solution of 
the precipitate was then subjected to chromatographic analysis. In this 
way 36 g. of bufotalin and 29 g. of related substances were obtained, 
amounting to about 2 mg. of genins per toad. From the portion of the 
dried exudate not soluble in chloroform, 10.4 g. of bufotoxin, the 
conjugated poison, could be i.solated. 

From Ch’an Su or Sense, the dried secretion of the Chinese toad 
(Bufo gargarizans) , two bufagins have been isolated. Kondo and 
Ikawa^^^ obtained pseudobufotalin, C24H3405(CH3C0), m.p. 146°, and 
Tschesche^"^^^ isolated cinobufagin, C2-iH3205(CH3C0), m.p. 223°. It is 
not clear why these two products should be obtained from the same 
dried secretion. Possibly different species of toads are involved. 

The toad poisons are known to be members of the cyclopentanoper- 
hydrophenanthrene group through the isolation of Diels’ hydrocarbon 
from the products of selenium dehydrogenation of pseudobufotalin,'^-'^ 
of cinobufagin, and of marinobufagin.^ ‘ On the other hand, only 
impure chrysene has been obtained by sdemium dehydrogenation of 
bufotalin. The formation of this hydrocarbon does not invalidate 
the argument, since it is also produced from other members of the group. 
These degradations are supported by x-ray measurements on bufagin, 
which show that the molecule is comparable^ to that of the sterols. 

A few of the structural details of the bufagins have been suggested 
by Wieland'^-^ and by Tschesche.^-^’ The g(*nins and a number of the 
transformation products absorb light at 290-3()0mM, and react with 
methanolic potassium hydroxide to fonn esters in the same way as 
scillaridin A. The two investigators have independently concluded that 
the lactone side chain is the same in the bufagins as in scillaridin A. 
An especially convincing argument is the similarity of the absorption 
curves of the bufagins and of the simple molecule, cumalinic acid^^’® 

320 Wieland, Hesse, and Hiittel, Ann., 624, 203 (1936). 

321 Kondo and Ikawa, J. Pharm. Soc. Japan, 63, 2 (1933); [Chem. Zentr., (II), 2658 
(1933)]. The original work is in Japanese. 

822Tschesche and Offe, Ber., 68 , 1998 (1935); Jensen, J. Am. Chem. Soc„ 67 , 2733 
(1935). 

323 Ikawa, J. Pharm. Soc. Japan, 66, 748 (1935); [C. A., 29, 7341 (1935)]. 

*2< Wieland and Hesse, Ann., 617, 22 (1935). 

Crowfoot, J. Soc. Chem. Ind., 64, 668 (1935). 

Tschesche and Ofle, Ber., 69 , 2367 (1936). 
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(XLIX). In accord with this formulation of the lactone side chain, 
ozonization of the bufagins gives glyoxylic and formic acidvS.^^ ^ 

HO^C— C— CH=CH 

II I 

HC — O — C =0 
XLIX Cumaliaic acid 

Bufotalin. Wieland‘^20 suggested structure L (or La) for bufo- 
talin. This bufagin contains a secondary hydroxyl, a tertiary hydroxyl, 
and a tertiary acetoxy group. The tertiary hydroxyl and acetoxy 
groups are easily split off by cold hydrochloric acid to give the quad- 
ruply unsaturated bufotalien (LI or Lla). Since bufotalone, the 



LI BafotaHen Lla 


ketone from bufotalin, is isomerized when treated at 0® with dilute 
alkali, the tertiary hydroxyl group removed in tlu^ acid treatment is 
probably attached at Ch- The tertiary acetoxy group must be attached 
at Co or Cft, bc^cause the absorption sp<^ctrum of bufotalien (max, 290- 
300 mix) does not indicate a conjugated system in the ring, and attach- 
ment at Cg would lead to such a system. The secondary hydroxyl 
group is placed at C3, as in the sterols. 
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Bufotalien is obtained when bufotoxin is hydrolyzed with hydro- 
chloric acid. Wieland has suggested that the suberylarginine group 
is attached at the Ci 4 — OH in the toxin, but the mode of linkage to the 
nitrogenous moiety is uncertain. On catalytic reduction of acetylbufo- 
talien two products result— acetylbufotalan and a by-product, an 
acetylcholanic acid formed by reduction and fission of the lactone side 
chain. When this acetylcholanic acid is converted to a cholanic acid, 
isobufocholanic acid, m.p. 179°, [ajo + 50.5, is obtained. ^27 n jg 
identical with any of the known cholanic acids (Table IV). 

Pseudobufotalin. A structure differing somewhat from the other 
bufagins has been developed by Ikawa^^®-^^® for pseudobufotalin 
(LII). By studying the jiroducts of Barbier-AVieland degradation, this 
worker has concluded that the side chain contains six carbon atoms, and 



LII Pseudobufotalin 
(provisional) 


that a methyl group is missing at Cio. It is difficult to reconcile this 
work with that on the other bufagins. 

Other Toad Poisons. In all, some twelve bufagins have been iso- 
lated. The most important are gamabufagin, C 24 H 34 O 5 , m.p. 213°, 
from the dried skins of the J apanese toad ; ^ ® arenobuf agin C 23 H 3 lOs- 
(CH 3 CO), m.p. 220 °, from the Argentine toad; and regularobufagin,*^*^^^ 
C 23 H 3 i 05 (CH 3 C 0 ), m.p. 236°, from the South African toad. The 
physical constants of these bufagins and the poisons have been tabulated 
by Dane ^ ^ ^ and Tschesche. ^ ® ^ 

327 Wieland, HeBse, and Meyer, Ann., 493, 272 (1932). For earlier work see Wieland 
and Weil, Ber., 46, 3315 (1913) ; Wieland and Alles, Ber., 66, 1789 (1922). 

328 Ikawa, J. Pharm. Soc. Japan, 66, 49 (1935); [Chem. Zcntr., (II), 1040 (1935)). 

829 Wieland and Vocke, Ann., 481, 215 (1930). 

Jenst^n, Am. Chem. Soc., 57, 1765 (1935). The earlier literature is cited in this 
publication. 

Dane, Tabulae Biologicae Pcriodicae, ITI, 204 (1933), 
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Structure and Physiological Action* * *** 

The effect on the diseased heart and the emetic action are the 
important physiological properties of the cardiac principles. Their 
structure and activity can be correlated in a general way. Diuresis is 
caused by the administration of these substances, but this is due more 
to an increased rate of blood circulation than to direct action on the 
kidney. Both the glycosides and the toad poisons are bitter in taste 
and irritating to the mucous membrane. Because of the latter property 
most of them produce diarrhea. Uzarin does not fit into the general 
pattern, however, since it is used to combat diarrhea. - 

The Heart Action. The jx)tency and usefulness of the cardiac gly- 
cosides are dependent on the presence of the unsaturated lactone ring, 
and are modified by the spatial configuration of rings A/B in the genin 
molecule and by the sugar moiety. The cardiotonic properties of these 
drugs are due to a direct action on the heart muscle. The response 
obtained with healthy muscle differs somewhat from that with diseased, 
so that animal expc^rimentation is not directly comparable with clinical 
exptTience. Experimentally the physiological potency is determined by 
injecting an aqueous-alcoholic solution of the glycoside into the blood 
stn'arn of cats (Hatcher-Brody method), or an aqueous solution in the 
lymph sac of frogs (U.S.P. method). The smallest amount of substance 
necessary to produce systolic standstill of the heart is determined, and 
the so-called minimum lethal dose (M.L.D.) calculated per kilogram 
of cat or per gram of frog. The frog method is generally employed, but 
the cat method is more satisfactory. In Table VIII the data of Chen^^^ 
on several of the pure glycosides are given. No values are n^ported for 
the weakly active hydrogenated glycosides in which the lactone ring is 
saturated. That a cis configuration of rings A B is essential for high 
f)Otency is brought out in the values for digitoxin, thevetin, and uzarin. 
In uzarin the structure of the genin is comparable to that of dihydro- 
cholesterol, and the potency of the glycoside both in the cat and the 
frog test is far lowTr than that of either of the others. Digitoxin has a 
configuration like that of epfcoprosterol, and thevetin like coprosterol. 
Since digitoxin is more potent in the cat test and less potent in the frog 
test than thevetin, it is difficult to evaluate the effect of epimerization 
of the Ca — OH on the physiological activity. 

In the cat test the activities of sarmentocymarin and digoxin are 


* Books on pharmacolofity : Cusliny, “Digitalis and Its Allies,” Longmans, Green & Co., 
Ix>ndon (1925); Woese, “Digitalis,” Thierao, Lcipsig (193('»). 

Windaus and Haack, Rrr., SS. 1377 (1930). 

*** Chen, Chen, and Anderson, J Am. Pharm. Asaoc., S5, 579 (1936). 
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TABLE VIII 

The Physiological Potency of the Cardiac Glycosides 
(Expressed in milligrams per kilogram of cat or milligrams per gram of frog) 


Drug 

Cat Units 

Frog Minimal 
Systolic 
Dose 

Minimal 

Emetic 

Dose in Cats 

Con valla toxin 

0.08 

0.00021 

0.060 

/3-Antiarin 

0.10 

0.00039 

0.040 

Ouabain 

I 0.J2 

0.00050 

0.000 

Cymarin 

' 0.13 

0.00060 

0.080 

Scillaren A 

0.15 

0.00070 

0.100 

Sarmentocymarin 

0 21 

0 00545 

0.09 

Digoxin 

0.22 

0.00250 

0.075 

Digitoxin 

0.33 

0.00800 

0.150 

Thevetin 

0.92 

0.00450 

0.225 

Uzarin 

5.08 

1.50000 

0.350 


nearly the same, but in the frog t(‘st digoxin is about twice as potent as 
sarmentocyniarin. The genius of thi'se two glycosides differ only in the 
configuration of the hydrogen at Cy and it follows that on a weight basis 
inversion at this point does not markinlly affi'ct the potency. The dif- 
ference in activity is inon^ clearly brought out when the results are con- 
sidered on the basis of moles of glycosidi^ pvr unit weight of animal. 
The molecular weight of sarmentocymarin is considerably less than that 
of digoxin and, mole for mole, sarmentocymarin is d(‘finitely less potent 
than digoxin. Thus inversion at Cy decreases the heart activity. 

The sugar moiety affects the absorbability of the glycosides from the 
intestine and determines the duration of the action. Those glycosides 
that are easily desugared in vitro are generally not satisfactory for 
medicinal use. For example, the strophanthin glycosides are not 
suitable for oral administration, but can be given intravenously when a 
rapid response is desired. Because a rapid response is seldom necessary, 
this kind of glycoside is rarely used; more often the glycosides of the 
digitalis group are employed — generally in the form of the dried leaf. 

The Emetic Action. The minimum amount of glycoside or poison 
per kilogram of cat necessary to produce vomiting when given intra- 
venously is called the emetic dose. It is uncertain how the drugs pro- 
duce this response, but the action does not take place on the vomiting 
center of the brain.* As the data of Table VIII show, the correlation 


♦.For a critical discussion see Weese, “Digitalis.” Thieme, Leipsig (1936), 
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between cardiatonic potency and the emetic dose is poor, although qual- 
itatively the order of the drugs in the two effects is nearly the same. 

THE DIGITALIS SAPOGENINS ^34 

The saponins are a group of glycosides with the ability to produce 
stable foams when their aqueous solutions are shaken. The cardiac glyco- 
sides also produce foams and are saponins, but, because of their character- 
istic heart action, they are treated as a separate class. The saponins 
occurring with the cardiac glycosides of the digitalis group are differen- 
tiated from the others by the designation '' the digitalis saponins.'’ This 
separation is chemically correct, for the digitalis saponins contain the 
cyciopentanoperhydrophenanthrene nucleus and yield Diels' hydrocar- 
bon when dehydrogenated with selenium, whereas most of the other 
saponins are built up on some unknown ring system and yield 1,2,7- 
trimethylnaphthalene (sapotalene) when dehydrogenated. *^3 5 

Like the cardiac glycosides the digitalis saponins taste bitter and are 
irritating to the mucuous membranes. Given intravenously they are 
poisonous, l)ut taken orally they are non-toxic, probably because they 
are not absorbed in the intestine. The poisonous properties of these 
glycosides are more pronounced toward lower forms of animal life than 
higher. For this reason crude extracts of the saponins have been used by 
primitive p(‘oples to catch fish. The extracts ar(‘ poured into streams 
and the fish are either stunned or killed by the glycoside. Since the 
saponins are not harmful when taken internally, fish killed in this way 
are edible. One of the most interesting characteristics of the saponins is 
their ability to hemolyze red blood corpuscles in ver>^ low concentration. 
The dilution (or index) for these various physiological effects is of the 
same order of magnitude; the dilutions for the saponin, digitonin, are 
given below: 

Taste index«« 1 : 380,000 Fish index”« ”« 1 : 200,000 

Eye index”®*”' 1 : 230,000 Hemolytic index”^ 1 : 168,000 

The hemol3rtic action of the digitonin, for example, has been 
attributed to its ability to form a molecular compound with the choles- 

Books: Fiesc'r; and Inhoffen; Kofler, “Dio Saponino,” Sprinper, Vienna 

(1927). Reviews: Tschesche, Angew. Chem,, 48 , 569 (1935); Ergeb. Physiol., 38 , 65 (1936). 

C/. Ruzicka d al., Helv. Chim. Acta, 15 , 431, 1496 (1932); 17 , 442 (19:i4). 

Kofler and Sohrutka, Biochem. Z., 159 , 327 (1925). 

Kolx?rt, Arch, exptl. Path. Pharmakol,, 83 , 257 (1887). 

Kofler, Biochem. Z,, 189 , 64 (1922). The fish index is usually defined as that dilu- 
tion required to kill fiali weighing 0. 1-0.5 g. A sjHjcies of miimow (Rotauge) is used 
for the assay. 

See Kofler, reference 334. The value given is for human blood. 
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terol of the red cell, and to bring about permeability in this way. This 
mechanism appears to be incorrect, since there is no parallel between the 
cholesterol content of the cells and their resistance to hemolysis. 
Cholesterol digitonide, on the other hand, is devoid of hemolytic prop- 
erties. 

The digitalis saponins form solid molecular compounds with the 
higher alcohols, phenols, and thiophenols.^^^ The addition compounds 
formed with digitonin have been studied more thoroughly than those 
formed with the other saponins, and in all cases the ratio of saponin 
to alcohol, or phenol, is 1:1. The addition compounds are insoluble in 
water and generally soliibk' in alcohol. Their solubility in alcohol, 
however, varies with th(' nature of the molecule and the steric con- 
figuration of the hydroxyl group.* Th(‘ determination of the configura- 
tion of the C3 — OH group in the sbToids and the separation of optical 
antipodes in this and other groups are important applications of the 
reagent. The use of digitonin has been limitc^d by its cost. 

The Digitalis Saponins. The recognized menil)ers of the digitalis 
saponins are shown in Table IX. Preparation of these glycosides in 
pure form is a tedious and uncertain process. From the crude extracts 
of the leaves and seeds of the digitalis family the cardiac glycosides 
can be removed by means of chloroform or ether. The separation of 
digitonin from the mixture of digitonin, gitonin, tigonin, and other 
saponins obtained from Z>. purpurea illustrates the procedures em- 
ployed. By the method of Kiliani*^*^ the digitonin is precipitated from 
an aqueous solution as the amyl alcohol addition product, regenerated 
by removal of the amyl alcohol, and the product recrystallized first 
from 50 per cent and then from 85 jxt cent alcohol. Windaus and 
Shah^*^^ precipitate the digitonin from a 5 per cent aqueous solution 
by the addition of ether with which it forms an addition compound. The 
precipitate is filtered off at the end of thirty minutes; repetition of the 

See Ponder, “The Mammalian Red Cel! and the Properties of Hemolytic Systems,” 
Borntraeger, Berlin (1934), Chapter VIII. 

Windaus, Ber., 42, 238 (1909); Windaus and WT'inhold, Z. physiol. Chem., 126. 299 
(1923). 

* Digitonin is adsorbed as a \'i8iblo film on monomolecular layers of sterols, but only 
slightly by epi-sterols. The normal sterols give very rigid films which expand slowly, 
but the c/Ti-sterols form rapidly expanding liquid films. The digitonide films from the 
cpi-sterols are more un.stable than those of the normal sterols and are hydrophobic; the 
normal sterol digitonides are hydrophilic [Langmuir and co-workers, J. Am. Chem Soc 
69, 1406, 1751 (1937)]. 

3^2 Windaus, Kliinhardt, and Weinhold, Z. physiol. Chem. 126, 308 (1923). 

iCiliani, Ber., 43, 3562 (1910); 49, 701 (1916). A summary of the method is given 
by I.«ttr6 and Inhoffen. 

Windaus and Shah. Z. physiol. Chem., 161, 86 (1926); cf. Windaus and Schnocken- 
burger, Ber., 46, 2628 (1913). 
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process gives pure digitonin. By the last procedure gitonin is also 
obtained, since it precipitates with ether on standing. 

It is very difficult to separate tigonin from the mixtures of gitonin 
and tigonin that occur in nature. Fortunately the leaves of D. lanaia 
contain only tigonin, and the saponin is easily purified through its 
sparingly soluble cholesterol addition product. 

Two other saponins have been isolated — sarsasaponin from the 
Mexican sarsaparilla root, Radix sarsaparillae^^^^ and arnolonin from 
the California soap plant or amole, Chlorogalum pomeridianum.^'^'^ 
The occurrence of these saponins in plants other than the digitalis 
group indicates that the designation the digitalis saponins ’’ is not 
ideal. 

The Sapogenins. By acid hydrolysis the saponins are split to 
sugars and sapogenins. The hydrolytic products are given in Table IX, 


TABLE IX 
Digitalis Safonwb 


Saponin 

Probable 

Formula 

i 

Plant Source 

Hydrolytic Products 

1 i 

Sapogenin | 

1 

Sugars 

Sarsasaponin 

(parillin) 


; Radix sarsaparillae 

Sarsasaj)ogenin' 

(parigcnin) 

2 Glucose and 1 
rhamno.se 

Gitonin 

CnHsjOjj 

Digitalis purpurea 

Gitogenin 

3 Galacto.^e and 1 
pentose 

Digitonin. . . . 

C6«H920i9 

Digitalis purpurea 

Digitogenin 

4 Galactose and 1 
xylose 

Tigonin 


lyigitalis purpurea,^ 
Digitalis lanata 

Tigogenin 

i 

i 

2 Glucose, 2 galac- 
tose, and rham- 

nose 

Arnolonin 

C6|Hio40ji 

C hloTogal u m po tn - 
eridianum 

Tigogenin 

3 Glucose, 1 galac- 
tose, and 2 rham- 
nose 

1 


and, as this list shows, the sugars present in the glycosides are not 
unique. The general structure of the sapogenins given in formula I 
indicates that they are comparable to the sterols with the difference 
that the principal side chain at C17 contains two hydrofuran rings, one 


T«chem-hc, Ber„ 69 . (1930). 

.lacohs and Simnaon, »/. Bud, Chem., 106 , 501 (1934). 

J«r» and NoUer, «/. -4w. Chem, Bac,, 68 , 1251 (1936); Liang and Noller, ibid., 67 , 
526 (1935). 
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of which is fused with ring D. The structure of the side chain has not 
been established with absolute certainty and must be regarded as pro- 
visional. The several sapogenins differ in the number and position of 
the secondary hydroxyl groups that are attached to this ring system, in 
the relationship of rings A/B to each other, and possibly in the steric 



I Ring System of the digitulin supogenina 
(provisional ) 

Rings A/B; trans or cis. The nucleus is hyciroxylated at one or more of the numbered positions. 


configuration of the C17 side chain. The positions of substituent 
hydroxyl groups and the physical properties of the sapogenins are shown 
in Table X. 

TABLE X 

Digitalib Sapogenins 


Sapogenin 

Position of 
Hydroxyl 
Groups 

{cj. Formula 1) 

Formula 

M.P., 

"C. 

t 

(otId 

i 

Source 

Sarsasapogenin 

(parigenin) 

3 (?) ; 

C 27 H 44 O 3 

199 

-00 

(MeOH) 

Siir 8 asaix)nm 

Smilagenin 

3 (?) 

C 27 H 44 O 3 

1H3-184 

1 -61 
(MeOH) 

Jamaica Barsa- 
jmrilla r(K)t 

Tigogenin 

Chlorogenin, . . . 

3 

C 27 H 44 O 3 

C 27 H 44 O 4 (?) 

204 

276 

j -49 1 

(f)yridine) 

Tigonin 

Chlorogalum 

pomcridianum 

Gitogenin 

2,3 

C 27 H 44 O 4 

272 


Gitonin 

Digitogenin. . . . 

2,3,6 

C 27 H 44 O 6 

280-28;i 

-81 

(CMCl,) 

Digitonin 


Although the sapogenins are easily purified through the acetyl 
compounds, their composition as compounds containing 27 carbon 
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atoms was not established until 1935 , since combustion analysis by the 
older methods did not differentiate between C26 and C27. It remained 
for Jacobs and Simpson to alter the accepted compositions and at 
the same time to show the relationship of the sapogenins to the sterols 
by dehydrogenating gitogenin and sarsasapogenin with selenium to 
Diels’ hydrocarbon. Another product of selenium dehydrogenation is a 
hexyl methyl ketone that appears to be isohexyl methyl ketone. 

The same or a similar k(*tone is obtainc^d when the sapogenins are treated 
with an acc'tic acid solution of hydrochloric acid. When these facts were 
combined the structural pattern of the sapogenins began to emerge. A 
later stage in the structural development wius the degradation of tigo- 
genin to viioallocholamc acid and sarsasapogenin to etiocholanic acid. 
The nature of the' side chain has be^em impe^rfectly deteTinined, however, 
and must be studied further. Surface film measunainuits confirm the 
general structure given in formula I, but naturally are not helpful in 
establishing the structure of the side chain. 

Tigogenin. Of the three oxygen atoms contained in the molecule 
of tigogenin, C27H.14O3, one is pres(Uit as a secondary hydroxyl group 
and the other two in ether linkages. These groupings have been placed, 
in part, by the application of the methods used for other members of 
the cycloiKuitano{K'rhydrophenanthrene group. ^ I'he ring systtan was 
characteriz(*d by chromic acid oxidation of acetyltigogenin (11) to an 
acetylated lactone (III), reduction of the secondary hydroxyl gi'oup to 
the lactone IV, and Barl)HT-Wieland degradation through the compound 
of structure to a mixture of etiou/Zobilianic acid (VI) and the lactone 
of probable structure Ml. As a nxsult of tliLs degradation the relation- 
ship of rings A/B is shown to be trans, the attachment of the principal 
side chain is estal)lished at (^7, and one of the ether oxygens is placed 
at CiG, extending to form a l)ridge to ('22, or possibly to C23. Attach- 
m(*nt at C22 though not definitely proved seems to be highly probable. 
Tile lactone ring of structure IV is definiteh' a five-membered ring, 
since it is opened with difficulty by alkali in the cold, and the hydroxy 
acid formed immediately reverts to the lactone fonn in the presence of 
acid. 

The structure of the portion of the side chain that is burnt off is 
more difficult to reconstruct. The evidence for this is discussed in con- 
nection with the structure of digitogenin. 

**• Jacobfi and SimpRon, ibid., 56, 1424 (1934); Biol. Chem., 166, 501 (1934). 

Ruiicka and van Ve«n, Z. physiol. Chem., 184, 69 (1929); Simpson and Jacobs, 
J. Biol. Chem., 109, 573 (1935). 

Askew, Farmer, and Kon, J. Chem. Soc., 1399 (1936), 

Tschoeche and Hagodom, Rer., 65, 1412 (1935). 
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The attachment of an hydroxyl group in ring A in tigogenin has been 
established in the usual way by opening the ring to which the hydroxyl 
is attached, and subjecting the product to thermal decomposition. 
Since a pyro ketone is formed, and tigogenin forms an insoluble 

CH3 CHj CH, 



VI Etioa/fobilianic acid VIX 

digitonide, the hydroxyl group must be attached at C3, probably 
cis to the Cio — CH3. To i-ule out the possiblity of attachment at C4, 
Tschesche®^^ prepared the two isomeric 4-hydroxycholestanes and 
found that neither gives an insoluble digitonide. 

Tflchesche and Hagedom, Ber., 68, 2247 (1935).] 
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Gitogenin. The sapogenin, gitogenin, contains two secondary 
hydroxyl groups in an a-glycol relation. These hydroxyl groups have 
been placed at C2 and C3 through correlation with tigogenin. "^ ’''^ When 
gitogenin is oxidized with chromic acid in the cold, the dicarboxylic 
acid, gitogenic acid is formed. This acid is identical with the product 
formed from tigogenin by chromic acid oxidation at 70°. Since tigo- 
genin has an alio structure and the dicarboxylic acid is formed by the 
opening of ring A, the diacid must result from the genin by cleavage 
between C2 and C3 (p. 1254). The formation of this acid from gito- 
genin can be reconciled only with the attachment of the two secondary 
hydroxyl groups at C2 and C3. 

Gitogenic acid has one unusual reaction. The dimethyl ester of 
gitogenic acid is not difficult to saponify, but one ester group is hydro- 
lyzed more eiisily than the other. It is difficult to reconcile this fact 
with the formulation of hydroxyl groups at C2 and C3, since the car- 
bomethoxy groups of the resulting acid should be equally easily 
hydrolyzed. 

Digitogenin. WTien digitogenin (VIII), which contains three 
secondary hydroxyl groups, is oxidized with cold chromic acid one of the 
products is digitogenic acid (IX), a ketodicarboxylic acid. On reduction 
of the carbonyl group of this acid by the Wolff-Kishner method, gitogenic 
acid is fonned.'^'"^^ Thus two of the hydroxyl groups of digitogenin are 
placed at C2 and C3, iis in gitogenin.^ 

If digitogenic acid is oxidized with permanganate, ring B is opened 
and a ketotricarboxylic acid (X), “ ox\^digitogensaure,” is formed. 
This acid is a ^^-ketonic acid since it readily loses one or two molecules of 
carbon dioxide when it is heated. The probable structure of the acid 
fonned by the loss of one molecule of carbon dioxide is shown in struc- 
ture XL The second molecule of carbon dioxide is split out as indicated 
by the dotted lines. The fonnation of acid X shows that the unplaced 
hydroxyl group is situated near the bridge head of two condensed rings. 
The position of this hydroxyl group, or the carbonyl produced from it, is 
further defined by the rearrangement of digitogenic acid to digitoic 
acid (XII) by wtirming with alkali. Taking both of these reactions into 
consideration, the third secondary hydroxyl group Ls placed at 

The structure of the side chain is more difficult to establish. From 
the work of Kiliani^''’-'^*^*'’^'^''*® it is known that methylsuccinic acid is 

*«T»che8cho, Ber., 68 , 1090 (1935) 

Jacobs and Simpson, J. BioL Chem., 110, 429 (1935). 

•“Tschesche and Hagedorn. Ber., 69 . 797 (1936). 

*» Windaus and Weil, Z. phyaid. Chem., 121. 62 (1922). 

Windaus and W'^illerding, iWd., 143, 33 (1925). 

»» KiUaiii. Rcr.. 49, 702 (1916). 
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one of the products of chromic acid oxidation of gitogenin and digito- 
genin. The formation of this acid can best be reconciled with a degrada- 
tion of the side chain and indicates a methyl branching in the chain. 
Further evidence for the structure of the side chain comes from the 
acids that are obtained from the sapogenins as by-products on oxidation 





with cold chromic acid.-'* '’®-®®^"^-’’® Apparently the oxide ring of the 
terminal portion of the chain is opened, a methyl or methylene group is 
converted to carboxyl, and the newly formed carboxyl group lactonizes 
with the carbonyl group formed from the oxygen that wa.s formerly a 
part of the oxide ring. This behavior is characteristic of a 7-ketonic 
acid, and it is probable that the oxidized side chain has the structure 
CHs CH;, 


— CH — CH — C — CH2 — CH — CO2H. If this reasoning is correct it 

I li 

/O 0 

should be possible to isolate an oxidation product in which cleavage at 
the 7-carbonyl has taken place. This has been realized in the case of 
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compound XIII, which is formed by chromic acid oxidation of digitogenic 
acid. Like the structure of compound X, that of XIII has not been 
rigorously established, but it is compatible with the known reactions. 

The side chain warrants further study. In particular, the reactions 
with nitric acid^'*® and the cleavage of the side chain to a hexyl methyl 
ketone by the action of a mixture of acetic and hydrochloric acid^^^ are 
difficult to interpret. 

Sarsasapogenin.-'^^^® A provisional structure for sarsasapogenin is 
given in formula XIV. This formulation shows that the genin differs 
from tigogenin only in relationship of rings A/B, but the structure of 
the side chain and the position of the hydroxyl group have not been 



definitely d(‘tc‘rmined. The ring systc^m of .sarsasapogenin has been 
establish(Hl by oxidative degradation analagous to that (anployed with 
tigogenin. Thi‘ ck‘gradation was carried out through the stages: 


Sarsasapogeni n acetate 


Desoxy lactone acetate 


CrOa 

> Lactone acetate 


Phenylmngnesium 
bromide and oxidation 


Hydrolysis, 
oxidation to 
ketone and 

> 

Clemmensen 

reduction 

Etiobilianic and 
other acids 


The formation of etiobilianic acid (p. 1244) shows that the relationship of 
rings A/B is cis in this genin. Since the genin fonns an insoluble digi- 
tonide and surface film measurements indicate that its structure is 
comparable to that of the other sapogenins, the hydroxyl group of 
sarsasapogenin is probably attached at C3. Simpson and Jacobs, 
however, have placed the hydroxyl group at Cn as a result of the study 

Simpson and Jacobs, J. Biol. Chem., 109 , 573 (1935). 

Simpson and Jiicobs. ibid., 109 , 573 (1935); 110 , 565 (1935); Askew, Farmer, 
and Kon, /. Chem. Soc., 1399 (1936); Farmer and Kon, ibid., 414 (1937). 
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of sarsasapogenic acid and sarsasapogenone. Sarsasapogenic acid is 
formed by opening the ring bearing the hydroxyl group and on thermal 
decomposition an anhydride is produced rather than a ketone. Sarsasa- 
pogenone, the ketonic intermediary product in the conversion to 
sarsasapogenic acid, is resistant to reduction. Neither of these facts is 
compatible with the attachment of the hydroxyl group at C3. 

Other Sapogenins. Two other sapogenins have been reported: 
chlorogenin^®^ from the California soap plant (or amole), and smila- 
genin^^'’® from the Jamaica sarsaparilla root. Little is known of chloro- 
genin, but Farmer and Kon'^^^^ have oxidized smilagenin to the same 
lactone acetate as that obtained by chromic acid oxidation of sarsasapo- 
genin acetate. Evidently smilagenin differs from sarsasapogenin in the 
steric configuration of the C17 side chain. 

Solanidine. A nitrogen-containing glycoside, solanine,* C4f)H730i5N, 
has been isolated from potato sprouts. Since the genin of this glyco- 
side contains the cyclopentanoperhydrophenanthrene nucleus, solanine 
is interesting as a bridge between the alkaloids and the members of this 
group. On hydrolysis the glycoside yields solanidine, C27H43ON, 
m.p. 216°, and one molecule each of glucose, galactose, and rhamnose. 



XV Solaiiiditie 
(provisional) 


When dehydrogenated with selenium, solanidine gives Diels’ hydrocar- 
bon. The genin contains one double bond, a secondary hydroxyl group, 
and apparently three C — CH3 groups; it forms an insoluble digitonide. 
The structure XV that has been suggested^®* for solanidine shows a 

Liang and Noller, J. Am. Chem. Soc., 57, 625 (1935). 

* Other solanines are known but poorly characterized. The several glycosidei^ are 
differentiated by the first letter of the botanical name of the plant order from which each 
is derived. Thus the solanine from potato {Solatium tuberosum) aprouta is more precisely 
named solanine t. 

Oddo and Carolina, Ber., 67, 446 (1934). 

Soltys and Wallcnfels, Ber., 69, 811 (1936). 
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tertiary nitrogen in a ring system condensed on ring D. This is based 
on the fact that N-alkyl derivatives cannot be formed. 


THE SEX HORMONES 364 


It has been known for years that the glands of the genital systems 
elaborate substances that cause important physiological changes. By 
studying the results of castration and castration followed by implanta- 
tion of the glands removed or of those of the opposite sex, physiologists 
were able to determine some of the effects due to secretions of the 
genital glands of the two sexes. A further stage was reached when the 
effect of extracts of the gonads on castrated animals was studied. 
Through these methods definite bioassays have been developed for the 
evaluation of the several hormones. At the present time three types of 
sex homiones are recognized as originating in the gonads: the estrogenic 
hormones, the hormone of the corpus luteurn, and the androgenic hor- 
mones. The structures of the glandular hormones are shown in for- 
mulas I-III. a-Estradiol (I) is the ovarian hormone that produces 


OH 



I a-E«tradiol 
(«teric ptwition of 
C’lT — OH proviaional) 




III Testosterone 
(ateric pcxsition of 
Cn — OH provisional) 


estrus; progesterone (II), the corpus luteurn hormone that is essential 
for pregnancy; and testosterone (III), the testicular hormone that 
causes changes in the accessory sexual organs of the male. The produc- 
tion of them sex hormones appears to be regulated by the gonadotropic 
hormones secretc'd in the anterior lobe of the pituitarJ^ That these hor- 
mones from the pituitary are responsible for the production of the 
sex hormones has been shown by the removal of the gland and by the 
injection of extracts. 

Books; Fieser; Lettr6 and Inhoffen. GenerfU re\news: Ruzicka, Helv. Chim. Acta 
19 , E89 (1936); Butenaridt, N alurwuacfischa/ten, 24 , 529 (1936). Physiology: Allen, 
*‘8ex and Internal Secretions,” 'Williams and Wilkins Co., Baltimore (1932); Zondek, 
**Die Hormone des Ovariums und des Hypophysen Vorderlappen, ” 2nd ed., Springer, 
Vienna. (1935); Houssay, “Ann. Rev. Biochem.,” Vol. IV, p. 279 (1935). 
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The Estrogenic Hormones^®® 

In the female sex organs a periodic change takes place which varies 
somewhat from species to species. As the result of the action of the 
estrogenic hormones the female is brought into a state of heat (estrus), 
during which she will mate. In estrus, rats, mice, and guinea pigs show 
characteristic changes in the tissues of the vagina accompanied by a 
typical vaginal discharge that has a unique cornified appearance. By 
microscopic examination of the vaginal smears from such an animal the 
estrous condition is easily recognized. Allen and Doisy,*^^® vising 
castrated female rats and mice, adapted this phenomenon to a biological 
assay of estrogenic activity. At the present time the assay is carried 
out by injecting subcutaneously into a group of five or more castrated 
mice (or rats) several concentrations of the substance under examination. 
A group of control animals is simultaneously injected with a standard 
estrogenic substance. By comparison of the concentrations necessary to 
produce estrus in more than 50 per cent of the animals the assay can be 
made with some precision. The results are generally expressed in mouse 
units (M.U.); by international agreement one mouse unit is d(‘fined as 
the effect produced by 0.1 7 of a standard estrone preparation.^*^^ As a 
subsidiary standard tlie monobenzoyl ester of a-estradiol (I) is used; 
this unit (benzoate unit) is represented by the specific activity contained 
in 0.1 7 of the ester. 

Occurrence. It was not until the development of the Allen-Doisy 
vaginal smear technique of studying estrus that sources of the honnone 
could be examined. Since then the estrogens have been found to be 
present in the gonads and the placenta, but these organs have a low 
hormonal content. The hormones are eliminated in the urine of both 
sexes and although the content of pregnancy urine is high, the urines 
of the stallion and other males of the Equidae. arc the richest sources 
known. In Table XI representative values of the several urines are 
given. Estrogenic hormones have been found in the lower forms of 
animal life and in the plant kingdom. Thus, one of the hormones — 
estrone — has been isolated from palm kernel extract,^ and another — 

Reviews: Marrian, Physiol. Rev., 13 , 185 (1933); Stormer and W^estphal, Ergeb. 
Physiol., 36 , 318 (1933); Wadehn, in "Fortschritte der physiol. Chem., 1929- 1934,” Junk, 
Berlin (1934), p. 277. Physical Data: Butenandt, Tabulae Biologicae Periodicae, III, 202 
(1933). 

Allen and Doisy, J. Am. Med. Assoc., 81 , 819 (1923). 

Lormand, Bull. soc. chim. biol, 16 , 1666 (1933). 

Gautier, League of Nations Quart. Bull, of the Health Organization, IV, 643 (1935). 

Borchardt, Dingemanse, and Laqueur, Nalurwissenschaften, 22 , 190 (1934) ; Zondek, 
Nature, 138 , 209 (1934). 

Butenandt and Jacobi, Z. physiol. Chem., 218 , 104 (1933). 
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TABLE XI 

Content of Estrogenic Hormone of Various Urines 



Normal 

Pregnant 


M. U. per Liter 

M. U. per Diem 

M. U. per Liter 

M. U. per Diem 

Woman 

Man 

Mare 

Stallion 

Zebra (male) 

Bull 

425 

160 

200 

! 170,000 

36,000 

330 

600 

240 

2,000 

1,700,000 

21,000 

100,000 

31,000 

1,000,000 


estriol — from pussywillows.*^"^ Potent extracts have been obtained 
from a wide variety of sources including petroleum and coal tar,* but 
it is uncertain whether the activity is due to true hormones or to other 
comix)unds. 

Isolation. The procedure used in the isolation and purification of 
the estrogenic hormones is rather complex, since it requires a concen- 
tration of about a millionfold and a separation from substances that 
are physically similar. Pregnancy urine of women or of mares, or the 
urine of stallions, is the usual source. In the urine the hormones are 
present to some extent as glucuronates*^"^ from which they are liberated 
by boiling after the addition of concentrated hydrochloric acid. The 
hormones may then be* extracted with organic solvents, the extracts 
freed of acidic impurities (auxin a, etc.), and purified to a high degree by 
partition between various solvents; or a new reagent, triinethylamino- 
acetohydrazid(' hydrochloride (Girard’s reagent T),*^"'^ may Ix^ employed 
at this stage. This hydrazidc reacts with ketones to form water-soluble 
derivatives, and sinc(» the estrogenic compounds in urine are ketonic in 
nature, they arc easily separated from fats and other substances. The 
final purification is effected by distillation in high vacuum followed by 
recrystallization. Addition compounds, such as quinoline with estrone, 
or the acid half-esters formed \\dth phthalic anhydride have been em- 
ployed for the final purification. By another procedure the hormones 

Skarzyn»ki. Nature, 131 . 760 (1933). 

* For list »ee monograph of Lettr6 and Inhoffen, pp. 252-253. .\mong the unusual 
sources of potent ostrogenio substances is the mud of the Dead Sea [Zondek, Nature, liO, 
240 (1937)]. 

Cohen and Marrian, Biodiem. J., 30 , 57 (1936). 

Girard and Sandulesco, Hdv. Chim. Ada, 19, 1095 (1936). 



1358 


ORGANIC CHEMISTRY 


are adsorbed from the urine and the adsorbate worked up after elution 
in much the same manner as that portrayed above.* 

General Properties. Some seven estrogenic hormones have been iso- 
lated from urine and the tissues of the genital system, and apparently 
there are hormones in addition to those that are now known. The 
physical properties and physiological potencies of these hormones are 
listed in Table XII. The estrogens may be named as derivatives of the 



IV Eatrane 


hypothetical hydrocarbon estrane^' (IV). All the hormones are crys- 
talline phenolic compounds and often occur in polymorphic modifica- 
tions;^^® they absorb strongly in the ultra-violet at 280-285 
Surface film and x-ray measurements early suggested that the hormones 
were structurally similar to the sterols. Later work confinned this 
hypothesis, but brought out the difference that in the hormone's ring A 
is benzenoid. The phenolic hydroxyl group has been placed at C 3 and a 
carbonyl group at C 17 in the estrogens obtained from urine. This 
carbonyl group is thought to be formed by the in vivo oxidation of the 
tissue hormones, e.g., a-estradiol (I). Probably the phenolic hydroxyl 
group is partly responsible for the color reaction that the estrogens give 


* Literature on isolation: Butenandt and Hildebrandt, Z. phyaiol. Chem., 199, 243 
(1931); Marrian, Biochem. J., 23, 1090, 1233 (1929); 24, 435, 1021 (1930); Curtis, J. Bid. 
Chem., 100 (Proc.) xxxiii (1933); Curtis, MacCorquodalo, Thayer, and Doisy, ibid., 107, 
191 (1934); Cartland, Meyer, Miller and Rutx, ibid., 109, 213 (1935). 

Wintersteiner, Schwenk, Hirschmami, and Whitman, J. Am. Chem. Soc., 68 , 2652 
(1936). 

Adam, d al., Nature, 132, 205 (1933). At the suggestion of Prof, A. M. Patterson 
this nomenclature has been modified by including parenthetically the linkage of the double 
bond from Cs. 

Kofler and Hauschild, Z. physiol. Chem., 224, 150 (1934). 

See Morton, “Absorption Sjjectra of Vitamins and Hormones,” Hilger, London 
(1935), p. 64; cf. Rowlands and Callow, Biochem. J., 29, 837 (1935). 

378 Bernal, J. Soc. Chem. Jnd., 61, 259 (1932); Adam, Danielli, Haslewood, an Marriand, 
Biochem. J., 26, 1233 (1932); Danielli, Marrian, and Haslewood, ibui., 27, 311 (1933); 
Danielli, J. Am. Chem. Soc., 56, 746 (1934). The original measurements did not differen- 
tiate well between several possible structures and were at first misinterpreted. 
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* Synonyms; Estrom*. Follicular hormone, estrin, (heelin. ICstradioI: Dihydrofolli^'ular hormone. Estriol: Follicular hormone hydrate, emmenin, theelol. 
t See note of reference 37o. 
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with sulfonic acids and other reagents; no coloration is produced with 
ferric chloride.* 

Estrone and Estriol. The first of the estrogenic hormones to be 
isolated was estrone (VI). This was reported nearly simulta- 
neously by Doisy^^^ and Butenandt.^®^ Later Marrian^*^ dis- 
covered the trihydroxy compound estriol (V). The structural in- 
vestigation of these compounds is due to the efforts of Butenandt,^®^ 



V Estriol VI Estrone VII Chrysene 


KOH 

Fusion 

V 



VIII Phenoldicarboxylic acid IX Dimethylphenanthrol X Dimethylphenanthrene 


Etiobilianic acid 

Color reactions: Kober, Biochetn. Z., 239, 209 (19.31); Schwenk and Hildebrandt, 
ibid., 259, 240 (1933); Haussler, Ilelv. Chim. Acta, 17, .531 (1934); Zinimermann, Z. physiol. 
Chem., 238, 257 (1935); Pincus, Wheeler, Young, and Zahl, J. Biol. Chem., 116, 253 (1936). 

Doisy, Veler, and Thayer, Am. J. Physiol., 90, 329 (1929) ; J. Biol. Chem., 86 , 499 
(1930); 87, 357 (1930). 

Butenandt, N cUurwissenachaften, 17, 879 (1929); Butcnandt and v. Ziegner, Z. 
physiol. Chem., 188, 1 (1930), 

Marrian, Biochem. J., 24, 4.35 (1930). 

Butenandt, Z. physiol. Chem., 191, 127, 140 (19,30); Butenandt and Marrian, ibid., 
200, 277 (1931); Butenandt and Stormer, ibid., 208, 129 (1932); Butenandt, Btbrmor and 
Weetphal, ibid., 208, 149 (1932); Butenandt and Westphal, ibid., 223, 147 (1934); Buten- 
andt and Thompson, Ber., 67, 140 (1934). 
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I5oisy,383 QXid Marrian.^®^ Estrone is a phenolic ketone and estriol a 
phenolic glycol. Dehydration of the latter with potassium acid sulfate 
converts it into estrone. * Thus both compounds have the same nucleus. 
The ring system of the two hormones has been established by the following 
procedures: Estrone, when distilled with zinc, is dehydrogenated to 
chrysene (VII). The basic ring structure is not chryscme, however, for 
when estriol is fused with potassium hydroxide, ring I) is opened to 
produce a dicarboxylic acid (VIII), which, by selenium dehydrogenation, 
is converted to a dimethylphenanthrol (IX); this, in turn, may be 
reduced by distillation over zinc to dirnethylphenanthrene (X). The 
relationship to the sterols and bile acids is brought out in this transfor- 
mation, for selenium dehydrogenation of etiobilianic acid (p. 1244) 
gives the same dirnethylphenanthrene. l"he correlation with the sterols 
is neatly shown by a transformation due to Marker. When dehy- 



CrOa 

Oxidation of 
Bcetylated 
compound 


■^Estrone 


droneoergosterol (p. 1288) is reducc^d with sodium and amyl alcohol, 
ring B is hydrogenated, giving tetrahydrodehydroneoergosterol (XI). 
Chromic acid acting on tlu^ acetyl derivativt* of this sterol oxidizes the 
side chain at C 17 to carbonyl, and on deacetylation, (estrone is ob- 
tained.t Thus the ring nucleus and the positions of the functional 
groups are completely characterized. 


Th#yer, Levin, and Doisy, J. Biol. Chem., 91. 655 (1930); MacCorquodale, Thayer, 
and Dol^, ibid., 99. 327 (1933). 

Marrian, Biochcm. J., 84, 1021 (1930); Marrian and Haslewood, ibid., 26, 25, 1227 

(1932). 

♦ But^nandt in his earlier work obtained what he called d-foUh'ular hormone from this 
fusion ]iui;ture. Apjjarently it was one of the polymorphic modifications of estrone. See 

refersim 367. 

*** Marker, Kaniiii. Oakw(K)d, and Laucius, J . Am. C'ht'm. Soc., 68, 1503 (1936). 
Fiemtt Monograph, p. 219, suggested the possibilities of such a degradation. 

t A awrious objection to this work of Marker has l^een reported by Windaus and Deppe, 
(RsTm |lp^^6 (1937)]. On reducing dehydroneoergosterol with sodium and alcohol, hydro- 
genation of ring A rather than of ring B takes place. It is i>o8sible that reduction of ring B 
ocourt in M^^her’s transformation, since Remeaow \Rec. trav, chim„ 66, 797 (1936)] baa 
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Prior to the work of Marker the positions of the functional groups and 
the other structural details had been established by satisfactory evidence. 
The phenolic hydroxyl group of estrone had been allocated to C 3 in the 
following ways; (1) The methyl ether of estrone was reduced to a desoxo 
compound (XII) and the product dehydrogenated in good yield (15 
per cent) to a methoxy hydrocarbon; the structure of the latter as 
7-methoxy-l,2-cyclopentcnophenanthrene was established by synthe- 
sig 38 6 (2) By synthesis the dimethylphenanthrol (IX) obtained by 

the degradation of estriol was shown to have the structure 7«hydroxy- 
1,2-dimethylphenanthrene.^®^ The benzenoid character of ring A 



XII 


was established by the phenolic properties,* by the absorption spectrum, 
and by the uptake of three moles of hydrogen on catalytic hydrogenation 
of desoxoestrone. 

By a series of reactions that have a number of unusual features, 
Cohen, Cook, and Hewett^®^ have established the position of the car- 
bonyl group and of the angular methyl group of estrone. The methyl 
ether of estrone was reacted with methylmagnesium iodide, the resulting 
carbinol was dehydrated, the unsaturated compound formed was re- 
duced, and this reduction product was dehydrogenated with selenium. 
The final product proved to be 7-methoxy-3',3'-dimethyl-l,2-cyclopen- 
tenophenanthrene and not the expected 7-methoxy-3 '-methyl- l,2-<5yclo- 
pentenophenanthrene {cf. IV, p. 1231). The structure of the final 
hydrocarbon was established by synthesis. To explain its formation a 

degraded neoergosterol to an estrogenic compound which apparently is isom^rio witli 
estrone, but in which ring B rather than ring A is aromatic. The estrogenic activity of tho 
isomer is comparable to that of estrone. 

»8«Cook and Girard, Nature, 133, 377 (1934); Cohen, Cook, Hewett, and Olmrd, 
J. Chem, Soc., 653 (1934). 

Haworth and Sheldrick, J. Chem. Soc., 864 (1934). 

* For some reason as yet unexplained, estriol is more acidic than estrone: estriol, K «• 
0.77 X 10“»; estrone, K = 0.44 X 10“» [Butenandt and Westphal, Z. physiol 
147 (1934)]. 

Cohen, Cook, and Hewett, J. Chem. Soc., 445 (1935). 
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molecular rearrangement must be assumed, and the course of the reac- 
tion may be schematically represented: 


EstroDe 

Methyl 

ether 



7-methoxy-3',3'- 
dimethyl-1 ,2-cyclo- 
pentenophenan- 
threne 


The carbinol formulated in this reaction has an hydroxyl group attached 
to a carbon adjacent to a quarternary carbon atom and is of the type 
in which dehydration should be accompanied by rearrangements. That 
the ring methyl group actually wanders to C 17 is shown by the fact that 
migration of the methyl group also occurs when the methyl ether of 
dihydroestrone is similarly dehydrated, reduced, and dehydrogenated 
with selenium. The product in this case is 7-methoxy-3 '-methyl- 
1 , 2 -cyclopcmtenophenanthrenc, a hydrocarbon w^hose structure has also 
been established by synthesis. 

The methyl group that is present in the 3' position in the end prod- 
ucts of thc^e two transformations must have bt^en originally attached 
to the ring system as an angular methyl group. The transformation 
shows that this group is attached at C13 and that the carbonyl group 
of estrone is situated at C 17 . No other conclusion Ls compatible with 
the evidence since the possibilities of rearrangements in the dehydrog- 
enation with selenium are excluded by the reduction prior to this 
treatment. 

The Estradiols. When estrone is reduced in alkaline media,* a 
mixtun* of a- and /3-i»stradiol is formed. By fractional recrystalliza- 
tion from acc'tone and alcohol the mixture may be separated into 
a-estradiol (I), m.p. 176°, and 3-<‘stradioI (XIII), m.p. 223°; or, as 
Wintersteiner*^^^* has shown, the a-compound may be removed by 
treatment in 80 pc'r cent alcohol with digitonin with which it forms an 


♦ Reduction of ©Btrone in acid solution resuJta principally in hydrogenation of ring A 
rather than of the C17 carlxinyl (Dirscherl, Z. physiol. Chem., S39. 53 (1936)]. In this 
hydrogenation new centers of asymmetry are created at C*, C*. and Cio, and thus eight 
hexahydrohormones and sixteen octahydrohormones are possible. Catalytic hydrogena- 
tion in alcohol in the presence of hydrochloric acid gives a mixture of stereoisomeric octa- 
hydroeatrones of which the principal component is a product of m.p. 210-211°. Catalytic 
hydrogenation in acetic acid gives a mixture of hexahydroestrones, octahydroestrones, and 
hexahydrodesoxoestrones. One of the hexahydrohormones gives an insoluble digitonide, 
but, according to Dirscherl, the octahydroestrono, m.p. 210-211°, does not give an insolu- 
ble digitonide. 

*** Scliwenk and Hildebrandt, Naturwissenschaften, SI, 177 (1933); Dirscherl, Z. 
phptiol. Chmi., tS9, 53 (1936) ; Wintersteiner, J. Am. Chem. Soe., 59, 765 (1937) ; Whitman, 
Wintersteiner, and Schwenk, 7. Biol. Chsm,, 118, 789 (1937) ; Butenandt and Goergens, 
Z. phynol, Chem., 148. 129 (1937). 
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insoluble precipitate. It seems probable that the Ci 7 — OH of a-estradiol 
is transy and of the ^-estradiol cis, to the C13— CH3. These configura- 
tions are shown in the structural formulas I and XIII. The physical 



I a-Estradiol 
(steric pofsition of 
Ci7 — OH provisional) 



XIII ^-Estradiol 

(steric position of 
CiT — OH provisional) 


properties of the two compounds (Table XII) furnish the evidence for 
such configurations. By analogy to the stereoisomeric testosterones 
discussed later (p. 1377) a higher melting point and lower specific rotation 
is taken to indicate a cis configuration of the OH and CH 3 . Thus 
a-estradiol, which has a lower melting point and a higher specific rota- 
tion, is regarded as a compound in which the C17 — OH is trana to the 
angular methyl group. 

a-Estradiol is the most potent estrogenic hormone known, * but /3-eBtra- 
diol is even less active than estrone, f Doisy and co- workers have 
shown that a-estradiol is present in the ovarian tissues and the follicular 
fluid and is therefore a true glandular sex honnone.t a-EstradioL is 
used in clinical medicine, since it is readily prepared from estrone and 
its potency is so much greater. The C 3 -benzoyl ester is generally 
employed in the therapeutic preparations as the effect is more prolonged 
than that of the unesterified hormones. § Clinically the estrogenic hor- 


* Even more potent than a-estradiol is a nitrogenous compound, C 20 H 41 O 2 N, m. p. 96®, 
isolated from ovarian tissue by Andrews and Fonger, Endocrinology, SO, 563 (1936). 
This compound gives a delayed but prolonged estrogenic response in a dosage of 10*~* 7. 

fA similar change in biological activity with spatial inversion has been noted in the 
synthetic plant hormone, a-(.3-indole)-propionic acid. The d-acid has an aotivity of 
48 billion oat units per gram while that of the f-acid is only 1.6 billion units per gram 
[K5gl, N aturwiaeenschaften, 25, 465 (1937)]. 

MacCorquodale, Thayer, and Doisy, Proc, Soc. Exptl. BioL Med., S3, 1183 (1986); 
J, Biol. Chem., 116, 435 (1936). 

t Prior to this Wintersteiner, Schwenk, and Whitman, Proc. Soc. Exptl. Biol, JIfed., 
82, 1087 (1935), isolated a-estradiol from mares’ urine. This, of course, did not eetebUah 
the important fact that a-estradiol is the hormone produced in the ovary. 

§ Esters of a-estradiol and estrone other than the benzoyl esters have been studied by 
Dirscherl, Z. physiol. Chem., 239, 49 (1936), who examined a number of ester cairbonates; 
and by Miescher and Scholz, Heh. Chim. Acta, 20, 263 (1937), who studied h inrsaa of 
esters of the aliphatic acids. According to the latter authors some of the aliphotie esters 
are more potent than those previously described, but the details have not been puliiislied. 
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mones are finding their greatest use in alleviating the discomfort experi- 
enced at the menopause. 

Estrogenic Hormones from Mares’ Urine. In the urine of pregnant 
mares there are a number of highly unsaturated hormones in addition to 
estrone. The compound known as equilenin is present in largest 


o 



f^YY 

hAat 

XIV Equilenin 


quantity, but, in addition, small amounts of hippulin, equilin, and at 
least one 17-dihydroequilenin^"^ have been found. Of these, equilenin 
(XIV) has bc‘en investigated most thoroughly. Its reactions indicate 
that it differs from estrone in that ring B as well as ring A is aromatic.* 
Equilin does not take up hydrogen in the presence of palladium, but is 
dehydrogenated to equilenin. This behavior has been interpreted by 
Dirscherh^ ^ as indicating a double bond at Cg : (>, and by Cook^^^ 
as a double bond at Cs : Co. Girard has made the interesting observa- 
tion that in man:\s’ urine during the course of pregnancy first estrone, 
then equilin, and finally equilenin are excreted in increasingly larger 
proportions. 

Synthetic Estrogenic Compounds. A variety of s^mthetic estrogenic 
comjx)unds have been discovered. Cook, Dodds, et prompted by 

the observation that l-keto-l,2,3,4-tetrahydrophenanthrene (XV’^) pro- 
duces estrus, examined a number of related compounds. Especially 
potent were a number of diols derived from dibenzanthrene of the 
general formula shown (XVI). Of these the diethyl, di-A?-propyl and 

Girard, et at, Compt, rend., 194, 909, 1020 (1932) ; 195, 981 (1932) ; Girard, Fridenson, 
and Sandulesco, Compt. rend. soc. biol. 112. 964 (1933). 

♦ The hydrogenation of equilenin proceeds in a manner analogous with that of estrone 
(note, p. 13(V3). Reduction with tiluminum isopropoxide gives a mixture of Cn isomers 
that can be separated by crystallixation from alcohol. The more soluble dihydroequilenin 
melts at 215°, the less soluble at 248°. Attempts to reduce equilenin to dihydroequilenin 
with sodium give oily products in which hydrogenation of a naphthol ring has apparently 
occurred. Catalytic hydrogenation with the platinum catalyst of Adams results in the 
reduction of ring A and a loss of the C» — OH (Marker, Kamm, Oakwood, and Tendick, 
J, Am. Chcm. Soc., 59, 768 (1937)]. 

»•* Dirscherl and Hanusch, Z. physiol. Chem., 233, 13 (1935) ; 236, 131 (1935). 

*•» Cook and Roe. J. Soc. Chem. Ind., 54. 601 (1935). 

*** Cook, Dodds, Hewett, and Lawson, Proc. Roy. Soc. (London), 114B, 272 (1934). 
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di-n-butyl derivatives are highly active, the greatest activity being 
shown by the di-n-propyl compound (0.05 mg. for estrus). In addition 
neoergosterol, calciferol, and ergosterol showed slight activity. A group 
of substituted phenanthrenes was also examined. Although most of the 
compounds were not estrogenic, 1, 9-dime thylphenanthrene and the very 
active carcinogenic hydrocarbons, 1,2-benzpyrene and 5,6-cyclopenteno- 
1,2-benzanthrene produce estrus. In a later work^®^ the same authors 


At" 

\A/ 


XV l-Keto-l,2,3,4-tetra- 
hydrophenanthrene 



XVI Tyi>e formula of the 
1 ,2,5,6-diben*(>-9, 1 0-di- 
alkylaDthraquiuola 


showed that the synthetic estrogenic compounds bring about typical 
secondary female sex changes when injected in capons. 

Dodds and co-workers^^® investigated the problem of whether a 
phenanthrene nucleus is essential for estrogenic activity. The fact that 




XVI II a>Naphtbyldiphenylcarbinul 
(active) 


calciferol produced estrus indicated that it was not, and following this 
clue a number of other substances were studied. In this investigation, 
l,2-dihydroxy-l,2-di-a-naphthylacenaphthene (XVII) was the firet 
active substance found in which the phenanthrene nucleus was absent. 

Coolc. Dodds, and Greenwood, ifrid., 114B, 286 ( 1034 ). 

"•Dodda, Hdv. Chim. Acta, 19, E49 (1930); Dodds and Lawson, Nature 139 627 
(1937). 
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Simpler molecules were then studied with the result that triphcnylcar- 
binol was found to be inactive, but a-naphthyldiphenylcarbinol (XVIII) 
was active. An even simpler molecule with estrogenic activity was 
4,4'-dihydroxybiphenyl (XIX). None of these compounds, however, 
possessed activity comparable to that of the natural sex honnones. In 
the work with Lawson, Dodds found that many of the hydroxystillxmes 
were highly active and that the activity persisted over a long period of 
time. The most active substance of the series was p-hydroxypropenyl- 
benzene (XX) which is found in nature as the methyl ether anethoL 
p-Hydroxypropenylbonzene was active in rats in a dose of 1 7 and 
therefore has the same potency as estrom'.* In his earli(‘r work Dodds 
offered the speculation that the activity of the estrogenic hormones may 
Ix^ due to the presence of a biphcmyl type of structure. This is illus- 
trated in formula XXI in which the biphenyl ring system is outlined in 
thick lines. In the light of the later work this sp(^culation may have to 
modified. 



These results raise the question of biological specificity. Is the 
estrous mechanism relatively unspecific? Apparently it is specific 
in the sense that a certain type of structure is (essential. As KdgP'^" 
hiis aptly expressed it, “in the c:ise of the follicular hormone (oestrone) 
it has been found that the ‘ lock ' can be opened not only by the classical 
^ key,^ but, also, more or less easily, by rough copies, or even by skeleton 
keys.^^ 

The Corpus Luteum Hormone: Progesterone^^® 

In the sexual cycle of the female the estrogenic hormones bring 
the animal into heat and, at the same time, an ovum biggins to mature. 

♦ Later work has shown that the activity is due to some pol.vuner, or impurity, and 
not to p-hydroxyproponyllienzene itself [Dodds and Lawson, Nature, 139, 1068 (1937)]. 

K5gl, Brit. Asaac. Advancement Sci. Repta. (Leicester), 600 (1933). 

Reviews: Allen, Science, W, 89 (1935); Westphal, Ergcb. Physiol., 37, 273 (1935); 
Hohlweg and Schmidt, Klin. Wochachr., 15, 265 (1936). 
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At the time when the ovum descends into the uterine passages, the 
corpus luteum, a small yellow body in the ovary, begins to produce the 
hormone progesterone. Just as the estrogenic hormones bring about a 
condition favorable to mating in the female, so does the corpus luteum 
honnone by causing a proliferation of the endometrium (the lining of the 
uterus) create a condition ideal for the implantation of the fertilized 
ovum. If implantation occurs, the corpus luteum persists and continues 
to furnish its hormone during most of the remainder of pregnancy in 
the majority of species. In the absence of implantation the corpus 
luteum degenerates and the animal once more comes into estrus or lapses 
into anestrus, depending on the nature of her cycle. So, through the 
complementary action of the estrogenic hormones and the corpus luteum 
hormone, the sexual cycle in females is controlled. 

The isolation of progesterone * was made possible by Corner and 
W. M. Allen^^^ through the development of a biological test to measure 
its activity. In this test a female rabbit is castrated a day after mating 
and an oil solution of the hormone or hormonal preparation is injected 
subcutaneously each day for five days. A total of 1 mg. (1 rabbit 
unit) of pure progesterone brings the endometrium into complete pro- 
liferation which is easily r(‘COgnized in a histological section from the 
uterus of the animal on the sixth day. (Jauberg**^^^ has developed a 
modification of this test by using immature rabbits and preparing th(an 
for the assay by maturing the uterus through injection of estrogenic 
hormones. Progesterone has no effect on the uterus of immature 
rabbits. 

Isolation of Progesterone. Following the development of the Alien- 
Corner test, Allen isolated potent fractions from the corpus luteum 
of pregnant sows, but thf‘ isolation of the pure honnone^ was first 
announced by Butenandt. Shortly after this Slotta et Allen 

and Wintersteiner,^^^ and Hartmann and Wettstein"^^^'^ also described 

. ♦ The name progesterone was adopted by international agreement [Allen. Butenandt, 
Corner, and Slotta, Science, 82 , 153 (1935); Ber., 68 , 1746 (1935); Nature, 136 , 303 
(1935)]. Prior to this it was known as progestin, the corpus luteum hormone, or luteo- 
sterone. 

Corner and Allen, Am. J. Physiol.^ 86, 74 (1928); 88, 326 (1929); Allen and Comer, 
ibid., 88, 340 (1929). 

^ See Claul)erg, “Die weibliche Sexualhormone,” Springer, Berlin (1933) ; Butenandt, 
Westphal, and Hohlweg, Z. physiol. Chem., 227 , 84 (1934). 

Allen, J. Biol. Chem., 98 , 591 (1932). 

Butenandt, Verhandl. deut. Oes. inn. Afed, (April, 1934); Butenandt and Westphal, 
Ber., 67 , 1440 (1934); Butenandt, Westphal, and Hohlweg. Z. physiol. Chem., 227 , 84 
(1934). 

Slotta, Ruschig, and Pels, Ber., 67 , 1624 (1934) ; cf. Neuhaus, Ber., 67 , 1627 (1934). 

Allen and Wintersteiner, Science, 80 , 190 (1934); Wintersteiner and Allen, J. Bid. 
Chem., 107 , 321 (1934). 

Hartmann and Wettstein, Hdv. Chim. Acta, 17 , 878, 1365 (1934). 
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pure preparations. The hormone occurs in two crystalline modifications: 
a-progesterone, m.p. 128.5° (prisms), and /3-progesterone, m.p. 121° 
(needles), both of the same physiological potency. The methods of 
isolating this hormone have been describcid by the several groups of 
investigators, but the best process appears to be that recently described 
by Allen. 

The Structure of Progesterone. The hormone progesterone has the 
composition C 21 H 30 O 2 and is a diketone with strong absorption at 240 
mg due to the grouping C=C — C="'(). The structure of the hormone 
was first suggested by Slotta,**^^^ but the confirmation of this structure is 
due largely to the synthetic work of Butenandt. In the first of the 
two methods that have been developed for the preparation of the 
hormone, stigmasterol (p. 1283) is converted through the acetate of 
/3-3-hydroxy- A^-bisnorcholenic acid (XXII) to the unsaturated A'’- 
pregnenolone [3(a.s)-hydroxy-20-keto-5-pregnene, XXIII]. Direct oxi- 
dation of this unsaturated ketone gives a poor yield of a mixture 
with progestational activity.* By a better procedure ^ the unsaturated 
hydroxy ketone is converted to the dibrorno compound, oxidized to a 
dibrorno diketone, and finally debrominated by zinc to prog(\^terone {cf, 
conv(*rsion of cholesterol to cholestenone, p. 1239). In the second method 
pregnanediol (XXIV) (p. 1282) is oxidized to pregnanedione, and a 
double bond introduced by bromination (at C 4 ) and removal of hydrogen 
bromide from XXV by treatment with pyridine. 

A//opregnanolone. From the extracts which yield progesterone an 
inactive compound, uWopregnanolone, has been isolated.**^ ^ The 
structure of the compound has Ixam establi.shed as 3(r/.s)~hydroxy-20- 
ketoa//opregnane by synthesis from /3-3-hydroxybisnor«//ocho]anic acid, 
one of the products of the degradation of stigmasterol.^^- The cis 
position of the C3 — OH group to the (ho — CH3 is shown by the mode 
of synthesis and by the formation of an insoluble digitonide. On 
oxidation a/Zopregnanolone is converted to n//opregnanedione. 

The Ci 7 — CO — (TI 3 group of a//opregnanolone or pregnenolone 

Allen and Goctsrh, J. Biol. Chem., 116 , (>53 (1930); cf. Butenandt and Westphal, 
Bcr., 69 , 443 (1930). 

Slotta, RusehiK. and Fela, Kim. Wochachr., 13 , 1207 (1934). 

Butenandt, Westphal, and Cobler, Ber., 67, 1611 (19.34). 

* With OpiMjnaiicr’s reagenF(ft)otnote, p. 1239) the transformation of A^-pregncnolone 
to progesterone is very satisfactory [Oppenauer, Bee. trac. cJiim., 66. 137 (1937)]. 

Butenandt and 8<*hnHdt, Ber., 67, 1901 (1934); Butenandt and Westphal, Ber., 67, 
2086 (1934); Fernholz, Bcr., 67, 1855, 2027 (1934). 

Butenandt and Schmidt, reference 409; see also Butenandt and Schmidt, Ber., 67, 
2088 (1934). 

Butenandt and Mamoli, Ber., 67, 1897 (1934). 

FornhoU, Z. phyM. Chem., 230 , 185 (1934). 
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undergoes a rearrangement to the extent of about 30 per cent when 
these compounds are refluxed in a solution of 5 per cent methanolic 
alkali. Although it is improbable that this treatment affects the 



11 Progresterone 



position of the C 3 — OH group, the resulting iso compounds do not give 
insoluble digitonides. Since the iso compounds have; optical properties 
quite different from those of their parent compounds, the transforma- 
tion may be followed by measuring the optical rotation. To illus- 

Butenandt and Mamoli, Ber., 68, 1847 (19.45; ; Butenandt and Fleischer, Ser., 70 , 
96 (1937). 
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trate this the melting point and specific rotations of the pairs from 
aJZopregnanolone, pregnenolone, and aZZopregnanedione arc given below: 


A ZZopregnanolone 
m.p. 194.6** 

{ah : + 90.8** 


A ZZopregnandione 
m.p. 200.5° 
lah : + 126.9° 


A'>-Pregnenolonc 
m.p. 190° 

[ah : + 28.2° 


IsoaZZopregnanolone 
m.p. 147-148° 

[aln • -h 6.1° 


IsoaZZopregnandione 
m.p. 134-135° 

[«1d — 14.6° 


A-^'-Isopregnenolone 
m.p. 172-173° 

[ah : -126° 


2lZ/opregnanolone may be a stage of the in vivo reduction of pro- 
gesterone or may be the product of an independent l)iosynthesis. As 
pointed out earlier (p. 1282), the two conipound.s pregnanediol and allo- 
pregnanediol probably originate from progesterone'.* It is noteworthy 
that th(^ corpus luteum hormone is excreted in th(' reduced fomi, while 
the estrog(ms appt'ar in the oxidized state. 

Specificity. Progesterone luus the highest specified}" of the sex 
hormones. Since hydrogenation of the sex hormones often results in 
incrciise in activity, dihydroprogesterom', 3-keto-2()-hydroxy-r>-pregnene, 
might be expc'cted to be espK'cially potent, but this compound is inactive 
in doses of 1 mg. Other substances have been tested in which the car- 
bonyl at Ca and a double bond at C 4 an' presc'nt, but m^arly all have 
b('en found to b<‘ inactive'.* The isomers of prog('st(‘rone with unsatura- 
tion at Cl :C 2 or are also inactive,-* * ^ but the 3-i'noI acetate of 

progesterone (enolization from (' 2 ) has Ix'en reported to have an activity 
comparable to that of the pure hormone. In addition to the enol 
ac<'tate, the male honnones testosterone and 17-methylte.^tosterone 
(p. 1382) have progestational activity but in a much lower degree. 


The Androgenic Hormones** * 

From the urine of both males and females and from testicular 
extracts, a numl;)cr of hormones have been isolated which, when injected 
into castrate or immature males, bring about the restoration or develop- 
ment, respectively, of the latent secondary sexual characteristics. Like 

♦ Human pregnancy urine contains 1-2 mg. per lit<»r of cpio/fopregnanolone, the stere- 
oisomer at Cj of o/fopregniu\olone. In contnist to a//opreKnanolone which is inactive, 
epiallopTegnanolone has male hormone activity. [Marker, Kamm, anl McGrew', J. Am. 
Chem. Soc., 69 , 610 (1937); Marker, Kamm, Jones, Wittle, Oakwood. and Crooks, ibid., 
69 , 768 (1937)]. 

♦ For list see W^ostphal, reference 398. 

Butenandt and Mamoli, Bcr., 68 , 1S50 (1935) ; Butenandt and Schraidt-Thomc, 
Bcr., 69 , 882 (1936). 

**** Westphal, Naturwisaenachaften, 94 , 696 (1936). 

Reviews: Dannenbaum, Ergeb. Physiol., 38, 796 (1936). 
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the female sex hormones, it was essential to have a biological method of 
assay for the study of these male hormones. The first feasible method 
was one developed by Gallagher and Koch^^^ in which the effect of 
these hormones on comb growth in capons is measured. Numerous 
modifications of the original test have been developed. Gallagher and 
Koch originally proposed that one comb or capon unit be taken as that 
amount of the hormone necessary to produce a 20 per cent increase in 
comb area with carefully standardized leghorn capons. At the present 
time, the unit of activity (international comb unit) has been defined by 
international agreement as 0.1 mg. (100 7) of the male hormone 
androsterone (Gr., andrOj male).*^^® The assay is carried out in two 
groups of standardized capons, one with the standard hormone, the other 
with the substance under investigation. The grow'th of the comb is 
determined by means of a shadowgraph or by direct measurement of 
certain portions of the comb. 

In a second method of assay, the effect on the accessory sex organs 
in castrate and immature rats (or mice) is measured. The iissay is not as 
well defined as that on caixjns, and in this discussion only the values 
obtained by the methods of Butenandt and Tscherning"* ^ ^ and of 
Tschopp*^^^ will lx» cited.* In the Butenandt-Tscherning method 
immature rats (4 wrecks old) are injected w ith a solution of the hormone 
in sesame oil for eight successive days, and on the ninth day, a histo- 
logical examination of the seminal vesicles is made. By varying the 
level at which the hormone is injected, that concentration w'hich brings 
about development of the seminal vesicles comparable to that of control 
rats is detennined. In the test of Tschopp, rats arc castrated while 
immature, and after thirty days are injected subcutaneously once a day 
for ten days with an oil solution of the hormone. At the end of the ten- 
day period, the animal is killed and the seminal vesicles and the prostate 
weighed. The daily level of hormone nece.ssary for the development of a 
seminal vesicle weighing 40 mg. is determined either directly or by 
extrapolation. The results in both cases are expres.sed as rat units 
(R.U.), but the values from one assay are only qualitatively comparable 
to those of the other. 

Isolation of the Androgenic Hormones. In 1931-1932 Butenandt 
reported the isolation of three compounds from the oil obtained by the 

Gallagher and Koch, J. Pharmacol., 40 , .327 (1930). For review of the tent, see Green- 
wood, Blyth, and Callow, Biochcm. J., 29 , 14(K) (1935). 

Tscherning, Ber., 68, 079 (1035). 

Tschopp, Arch, intern, pharmacodynamic, 52 , 381 (1930). 

* For other methods see Daniambaura, reference 410. 

«« Butenandt, Z. angew. Chem., 44 , 905 (1931); ibid., 45 , 055 (1932); Nature, 180, 238 
(1932). 
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extraction of male urine which had previously been boiled with hydro- 
chloric acid.* The substance obtained in largest quantity (20-25 mg.) 
was a hydroxyketone, C19H30O2, to which the name androsterone was 
given. Other substances present were dehydroandrosterone, C 19 H 26 O 2 , 
and a chloroketone, C19H27OCI, evidently formed from dehydroandros- 
terone by replacement of the hydroxyl by chlorine.! In analogy to the 
estrogenic hormones, a structure w'as suggested for androsterone that 
was essentially correct but did not show the spatial configuration of the 
molecule. Plausibility was given to this suggestion by the discovery 
that a completely reduced estrone, octahydroestrone, had male hormone 
activity.'*^* At this point the structure suggested by Butenandt and 
its spatial chemistry were definitely established by Ruzicka'^-- by 
oxidizing the acetates of dihydrocholesterol and epulihydrochole.sterol 
(XXVI) to the corresponding hydroxyetioa/Zocholanones. Both these 
compounds w^re physiologically active, 3(/ranA)-hydroxy-17-keto('tio- 
a/Zocholane (XXVI I) from epfdihydrocholesterol being identical with 
natural androsterone. The (*piiner isoandrosterone, 3(e?'.s)-hydroxy-17- 
ketoetioa/focholane, is about one-seventh as potent. The corresponding 
etiocholanones from coprosterol and epfcoprostcrol are inactive even in 
doses fourteen times that of androsterone. Shortly after this work of 
Ruzicka, Butenandt published the results of his examination of 
androsterone isolat(‘d from urine and fully confirmed the structure 
XXVIL 

The structure of the male hormone dehydroandrosterone (XXIX) 
[3(cfs)-hydroxy-17-keto-5-('tioa//ocholen(^] | wiis easily elucidated by a 

♦A fourth, but inartive, compound, C 19 H 32 O 2 , m. p. (ajn + 29 (ale.) was also 

obtained. This has now l>eon characterized as r;>totiocholan-,3.17-diol [,3 (trans), 17-dihy- 
droxyetiocholane] by Ruzicka, GoldlM»rg, and Bosshard, Heir. Chim. Acta, 20, 541 (1937), 
and by Butenandt, TscherninK. and I)anncnl>erK. Z. physiol. Chem., 248, 205 (1937), 
and is the only compound of the copro.stane tyi>e that has betm isolated from the urine. 
It is uncertain, hf)wever. whether the cornimind is actually present in the urine or is formed 
from some other comi>ound during isolation. 

t Hul) 8 tHpiently two methods have l>een developed for the conversion of dehydroandro- 
sterone to the ehloro ketone. By the first of these dehydioandrosterone is converted to the 
methyl ether through the stage of the />-toluenesulfonic ester, and the ether converted 
to the chloride by treatment with concentrabHl liydrochloric acid [Butenandt and Grosse, 
Her., 69, 2770 (1930)]. By the second methml dehydroandrosterone is treated with phos- 
phorus pentachloride in chloroform [Wallis and Fernholz, J. Aw. Chem. Soc., 69, 704 
(1937)]. Good yields are obtaintnl l»y Iwth methods. 

*** Schcxdler, Schwenk, and Hildobrandt, Naiurwisscnschafteu, 21, 2S0 (1933); Dirscherl 
and Voss, ibid., 22 , 315 (1934). 

Ruzicka, GoUUiorg, and BrUngger, Hdv. Chim. Ada, 17, 1389 (1934); Ruzicka, 
Goldberg, Moyer, BrOngger. and Eichonberger, ibid., 17, 1395 (1934); Ruzicka, Goldberg, 
and Wirz, ibid,, 18, 61 (1935). 

Butenandt and Tscheniing, Z. physiol. Chem., 229, 107, 185 (1934). 

I Huiicka calls this compound fronir-dehydroandrosterone; Fieser, dehydroisoandros- 
terone. Most of tlio other workers refer to it by the simple name dehydroandi'osterone. 
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further application of the chromic oxide oxidation method. At nearly 
the same time Butenandt/^'^ Ruzicka,^^^ and Wallis and Fernholz'*^® 
reported on the preparation of this compound by chromic acid oxidation 
of acetylcholesterol dibromide followed by debromination with zinc, 
but priority belongs to Schoeller.'^^^ 

The Testicular Hormones. In the summer of 1935 the group of 
workers headed by Laqueur^-^ presented convincing evidence that 
the male hormone obtained from testicles was different from those 
that had been obtained from the urine. This was apparent from the 
greater potency and from the fact that the potency of extracts was 
destroyed by treatment with alkali. A few milligrams of this very 
potent compound was isolated and given the name testosterone. The 
testicular hormone was a diketone with strong absorption at 240 m/n, 
and from the fact that extracts containing progesterone are also inac- 
tivated by alkali, it seemed probable that testosterone was structurally 
similar to progesterone'. This speculation was almost immediately 
confirmed. 

The structure of testosterone (III) was established by David of 
Laqueur’s group through its oxidation to A‘*-androstenedione (XXX), a 
compound which had previously been prepared from dehydroandros- 
terone. This structure was confirmed by the syntheses developed inde- 
pendently by Butenandt*^^^^ and Ruzicka**^^ at nearly the same time; 
the transformation shown (p. 1375) is due to Ruzicka. By this method 
the acetate of dehydroandrosterone is reduced in the presence of nickel 
to the acetate of A^’-androstenediol. The product is benzoylated at 
the Ci 7 — OH and saponified at ca. 15°. In saponification hydrolysis 
takes place preferentially at C3 to give a C17 half ester which can 
be converted to the ester of the a, )S-unsaturated ketone either by 
direct oxidation with chromic acid or by oxidation of the 5,6-dibromo 
compound followed by dc'bromination with zinc. The method of 
Butenandt is similar to that of Ruzicka, save that the diacetate 
rather than the mixed ester of A*^'-androstenediol is one of the in- 
termediate products. 

A second male hormone, m.p. 129-130°, has been isolated from 


Butenandt, Dannenbaum, Haniseh, and Kudzus, ibid., 237, 67 (1936). 

Ruzicka and Wettstein, Heli. Chim. Acta, 18, 980 (1935). 

Wallis and Fernholz, J. Am. Chem, Soc., 57, 1379, 1504 (1935). 

Schoeller, Serini, and Gehrkc, Naturwissenchufim, 23, 337 (1935). 

David, Dingemanse, Freud, and Laqueur, Z. physiol. Chem., 233, 281 (1936). 

David, Acta Bred-Neerland. Physiol. Pharmacol, Microhwl., 5, 85, 108 (1935). 
'‘^Butenandt and Hanisch, Ber., 68, 1859 (1935); Z. physiol. Chem., 237, 89 (1935). 
Ruzicka and Wettstein, Helv, Chim. Acta, 18, 1264 (1935); Ruzicka, Wettstein, and 
Kagi, tWd., 18, 1478 (1935). “ 
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testicular extracts by Ogata and Hirano. ^ At one time this compound 
was thought by Ruzicka^^^ to be androstanedione, m.p. 132-133®, but 



Cholesterol CrOa 



XXIX DehjdrMnIrMtvrm ZXXI A^'AndroatcnedtoI 

(•Uric position of C17-OH 
protritional) 


Iir Testosterons 
(steiic position of Cjt-OH 

provisionaO 


Hirano**"^^ has shown that it is different. In any event there are at 
k‘ast two testicular hormones and possibly more.* 

*** Ogata and Hirano, J- Pharm, Soc, Japan, 54 , 199 (1934) [C.A., 29 , 18/1 (1935)], 
Husicka and Weltstein, Hdi\ Chim. Acta, 18 , 1264 (1935). 

Hirano, /. Pharm. Soc. Japan, 56 , 122 (1936); cited by Dannenlmum, Ergeb. 
Physiol., 88 , 801 (footnote) (1936). 

* From hog tertee Hirano. /. Pharm. Soc. Japan, 717 (1936) [C.A., 31, 3125 (1937)]. 
has isolated small amounts of four inert substances. A, B, C, and D. (Compound A (testa- 
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From the urine of pregnant women a compound with male hormone 
activity has been isolated by Marker^ and has been shown to have the 
structure epmZZopregnanolone [3 {trans) -hydroxy- 1 7-acetyI-e tioaZZocho- 
lane]. This substance is regarded as an intermediary product in the 
biochemical reduction of progesterone to aZZopregnanediol. * Ejnallo- 
pregnanolone is devoid of female hormone activity, but has male hor- 
mone activity comparable to that of androsterone. 

The physical properties and physiological potencies of these 
natural and the related “ artificial sex hormones are shown in Table 
XIII. The data are taken from the several reviews, and from sum- 
maries by Deanesly and Parkes ^ ^ ^ and by Ruzicka. ^ The compounds 
are all named as derivatives of the parent hydrocarbon etioaZZocholane 
(androstane) (XXXII). This hydrocarbon was not known prior to 
the work on the androgenic hormones and since then it has been pre- 



XXXn Etioa/Zocholane 
(Androstane) 


pared by the energetic Clernmensen reduction of androstanedione 
(XXVIII). Androstane melts at 49-50° as against 79-80° for the 
isomeric etiocholane. 

lolone), C2 iH 320« (?), m.p. 258-264°, is a hydroxy diketone and forms an insoluble digi- 
tonide. The ring system is saturated and the compound reduces aldehyde reagents. 
Hirano has suggested that testalolone is 3-hydroxy-17-glyoxyletioa//echolane. Compound 
B appears to be the monopalmitate of propane-1 ,2-diol. Compound C, Ci#H 4 oOi (?), 
m.p. 65-66°, has been named testriol and is thought to l>e an open chain trihydmxy 
alcohol. Compound D, m.p. 219-224°, is a compound containing 23 or 24 carbon atoms 
and 3 atoms of oxygen. 

Marker, Kamm, and McGrew, J. Am. Chem. Soc., 59, 616 (1932); Marker, Kamm« 
Jones, Wittle, Oakwood, and Crooks, ibid., 59, 768 (1937). 

* A complete structural correlation of the female sex hormone progesterone and the 
male sex hormone androsterone has l)oen established by the conversion of of/epregnanediol 
to androstanedione. [Marker, Kamm, Jones, and Oakwood, J. Am. Chem. Soc., 59, 614 
(1937).] The steps in the conversion are: Oxidation of a//opregnanediol to oi/opregnano- 
lone, dehydration at C 20 by means of sine chloride, and cleavage of the double bond at 
Ci 7 and C 20 by treatment with ozone. 

Deanesly and Parkes, Biochem. J., 30, 291 (1936). 

Ruzicka, Goldberg, and Rosenl^erg, Hdv. Chim. Ada, 18, 1487 (1935). 

^^Butenandt and Tscheming, Z. physiol. Chem., 299, 185 (1934); Reichstein, Hdv, 
Chim. Ada, 19 , 979 (1936). 
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The Stereochemistry of the Hydroxyl Groups. The difference 
in the ease of saponification of the ester groupings at C3 and C17 
in A^-androstenedioI has been interpreted by Ruzicka^^® as indicating 
opposite spatial configuration of these groups with refen^nce to the 
positions Cs and C13, respectively. The work of Vavon and 
Jakubowicz^^® forms the basis for this view. These investigators found 
that the esters of epidihydrocholesRirol are saponified more easily than 
the corresponding esters of dihydrocholesterol; thus an acetoxy group 
cis to the C5 — H is hydrolyzed more easily than one trans to this position. 
Since the acetoxy group at C17 in A^-androstenediol diacetate is 
hydrolyzed less easily than the one at C3, it follows that the C17 — OH 
of A^-androstenediol is trans to the C13 — CH3 if the same principles 
apply to this position as to C3. The r(\sults of catalytic hydrogenation 
confirm this view since the conditions under w^hich the hydrogenation is 
carried out (alcoholic solution) are favorable to the formation of a trans 
configuration (v. Auwers-Skita rule). Ruzicka"^^^^ was able to isolate 
from the mother liquors of large-scale pn^paration of A'^-androstenediol a 
compound with different physical and physiological properties, and to this 
compound (ciVA^’-androstenediol) he has assign(*d a cis configuration of 
the Ci7 — OH group. From cu‘-A''‘-androstenediol a cz's-testosterone was 
prepared. As the data of Table XIII show, the physiological potency 
of these compounds with a cis configuration of the C17 — OH group is 
much lower than the corresponding tram^ compounds. 

The stereochemistry is further illustrated by the four theoretically 
possible androstancdiols shown in structun^s XXXIII-XXXVI, of 
which three are known. Not all the names given here to these com- 
pounds arc official but are merely offered lis a means of differentiation 
among the compounds in connection with their preparation which is 
de^cril)ed below. Naturally there is a (X'rtain element of doubt as to 
the correctness of the structures which have been assigned.’*' 

Androgenic Hormones from Androsterone. After the structures of 
the natural hormones had been detennined, both Butenandt and Ruzicka 
studied the transfonnations in structure that could be effected by 
synthetic methods. Most of the transformations begin with andro- 
sterone, isoandrosterone, or dehydroandrosterone. Urine is not a 
satisfactory source of either androsterone or dehydroandrosterone, 
since the content of androsterone in urine of both niides and females is 

Ruaicka and Goldberg:, ibid.. 19/99 (1936) ; Ruwcka and Kagi, ibid.. 19, 842 (1936). 
4SW Vavon and Jakul)Owiri, Bull. aoc. chim., 53, 581 (1933). 

Ruiieka and Kilgi, Heh. Chim. Acta, 19 , 842 (1936). 

♦ An example may be cited to ahow the uncertainty. The diacetate of isoandrostanedi- 
ol U hydrolyied more eaaily at Ca than at C17 — Butenandt and Dannenberg, Ber., 69 , 
1168 (1930) — but according to the views of Kuiicka this should not be the case. 
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* Data from Dannenbaum, 4*® Deanesly and Parkes,*-^® Koch,^^® Ruzicka,^^® and Tschopp.^’9 The natural hormones are printed in boldface type, 
t Where the symbol A is used the ending “-ane” should be changed to “-ene.” The C3 — OH is referred to the Cio — CH3. The spatial configuration of 
the Ci7 — OH groups is open to question. 

t International comb units. $ Rat units. [| Has estrogenic activity. H Needles. *♦ Leaflets. 
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1-2.5 mg. per liter, of which about 6 per cent can be isolated in pure 
form; the yield of dehydroandrosterone from urine is about 200 mg. 
from 1000 liters of urine. 

Androsterone is usually prepared by warm chromic acid oxidation 
of the acetate of epzdihydrocholesterol, but the conversion, cholesterol 
dihydrocholesterol — > cholestanone — ^ epidihydrocholesterol, using the 
acetates, has certain technical difficulties due to the limited solubility of 
some of the products.* Marker'^ has suggested a more convenient 
method in which cholesteryl chloride is the starting material; after 
hydrogenation and oxidation, chlorine is replaced with hydroxyl by 
treatment with potassium acetate to give directly an epz-Cs — OH group. 
(C/. Walden inversion, p. 1259.) Androsterone has also been prepared 
from epicinchol by chromic acid oxidation^ and from aHolithocholic 
acid by Barbier-Wieland degradation. 

Relatively few compounds with male hormone activity have been 
prepared from androsterone. By reduction, either catalytically^^® 


OH 



[3(<mn«), 17 (trans)- 
dihydroxy] 



cts-Androstanediol 
[Serans), 17(ri«)-dihydroxy] 
(unknown) 


or with sodium and propyl alcohol, androstanediol [3(<ran«),17~ 
(^rans?)-dihydroxy] (XXXIII) is formed and by reaction with methyl- 


441 Callow, Lancet, 231 , 565 (1936). 

442 See Danneiibaum, reference 416. Publications by Kochakian {Endocrinology, 21 , 
60 (1937)], Dingemanse, Borchardt, and Laqueur [Biochem. J ., 31 , 500 (1937)], and 
Peterson, Gallagher, and Koch [./. Biol. Chem., 119 , 185 (1937)] indicate that these values 
are too low, or do not account for all the androgenic material in normal urine. 

* The overall yield of androsterone from cholesterol may reach 0.2 per cent under 
favorable conditions. For a detailed study of the preparation see Callow and Deanesly, 
Biochem. J 29 , 1424 (1935). 

443 Marker, J. Am. Chem. Soc., 67 , 1755 (1935); Marker, Whitmore, and Kamm, ibid., 
57 , 2358 (1935). 

444 Dirscherl, Z. physiol. Chem., 237, 52, 268 (1935). 

44® Dalmer, Werder, Honigmann, and Heyns, Ber., 68, 1814 (1935). 

44® Butenandt and Tscherning, Z. physiol. Chem., 234, 224 (1934). 

447 Ruzicka, Goldberg, and Meyer, Hdv. Chim. Acta, 18 , 994 (1936); Ruzicka and 
Goldberg, ibid., 19 , 99 (1936). 
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or ethylmagnesium iodide the 17-methyl- or 17-ethyl-androstanediol 
results;^^® with the Grignard reagents there is also some reduction 
(pp. 427, 556) of the 17-keto group to carbinol.* Both androstanediol 
and 17-methylandrostanediol are about three times more potent physi- 
ologically than androsterone. Cold chromic acid oxidation of andros- 
terone converts it to androstanedione (XXVIII), but there is little 
change in potency through the conversion of the C 3 — OH to a ketonic 
group. On treatment with bromine, f androstanedione is substituted at 
C 2 , and on heating the monobromo product with potassium acetate in 
acetic acid at 200°, hydrogen bromide is removed to give A^-androstene- 
dione.^^® In contrast to the other androstenediones described below, 
A^androstenedione is without male hormone activity but produces 
estrus in a daily dose of 500 7 over a period of four days. Androstanedione 
reacts with two molecules of alkyl Grignard reagents, but the resulting 
3,17-dialkylandrostanediols are not potent. 

Androgenic Hormones from Dehydroandrosterone. Chromic acid 
oxidation of dibromocholesteryl acetate at 50-60°, followed by debro- 
mination, gives a 2.8 per cent yield of dehydroandrosterone.^^"'^ This is 
the best way of preparing the compound, although it has been prepared 
from stigmasteroH^'^ and sitosterol. If the intermediary product of 
this oxidation, 5 , 6 -dibromoisoandrosterone, is oxidized to a diketone 
prior to debromination, the bromine can be removed to give either an 
a,0~ or a / 3 , 7 -unsaturated ketone. Removal of bromine from the dibro- 
mo hydroxy ketone is accompanied by a rearrangement to A^-andros- 
tenedione when zinc and acetic acid are employed, but when zinc 
and weakly acid alcohol are used rearrangement does not occur and 
A^-androstenedione is formed. There is a marked difference in 
the physiological potency of these isomers, as is seen from the data of 
Table XIII; unfortunately precise data are not available for the comb 
test with the A'^-enedione. The difference in physiological potency 
due to a shift of the double bond from C 4 : C5 to C5 : Ce is brought out 

Ruzicka and Rosenberg, ibid., 19 , 357 (1936). 

♦ In this and similar cases reduction does not occur with methyl Grignard reagents, 
takes place to a small extent with the ethyl Grignard reagent, and is the predominant 
reaction with the isopropyl reagent. 

t On bromination the ketones derived from androstane are substituted to give products 
similar to those obtained with the sterol ketones (p. 1273). When androstanedione is 
treated with bromine a dibromo compound can he obtained and on heating, HBr and 
methane are split out to give what is presumably isoequilin, m.p. 252*^, (ajo + 170. Physi- 
ologically isoequilin has an activity comparable to that of equilin. [Inhoffen, Naturwisscn- 
achaften, 26, 126 (1937).] 

Butenandt and Dannenberg, Ber., 69 , 1158 (1936). 

Oppenauer, Nature, 136 , 1039 (1935). 

Butenandt and Kudzus, Z. physiol. Chem., 237, 75 (1935). 

Butenandt and Schmidt-Thom6, Bar,, 69 , 882 (1936). 
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more clearly in the pairs, testosterone acetate and A ^-testosterone 
acetate, or A^-androstenediol and A^-androstenedioL'*^^'^^^ The 
ethylenic double bond of the iS, 7 -unsaturated ketones is rearranged very 
easily to the Q:,/3-position; this is shown by the fact that A^-testosterone 
acetate gives testosterone on hydrolysis. 

When A^-androstenedione is reduced catalytically in the presence 
of the Raney-nickel catalyst, a mixture of dehydroandrosterone and epi- 
dehydroandrosterone is obtained. The two compounds are easily 
separated by precipitating dehydroandrosterone with digitonin. This 
method is the only known way of preparing epidehydroandrosterone, 
since it cannot be prepared from epicholesterol in a manner analogous 
to that used for dehydroandrosterone from cholesterol; on attempting 
to form the dibromide, a tetrabromo compound is obtained. 

With Grignard reagents the esters of dehydroandrosterone react 
to give the 17-alkyl derivatives and at the same time a side reaction 
involving the reduction of the C 17 carbonyl to carbinol takes place. 
The by-product is a mixture of diols from which two compounds may be 
separated by fractional crystallization. In the higher-melting more 
soluble diol the C 17 — OH group probably has a cis configuration with 
respect to the C 13 — CH 3 group, and the compound is appropriately 
called m-A^-androstenediol. The lower-melting diol agrees in prop- 
erties with A'^-androstenediol, formed by reduction of dehydroandro- 
sterone by sodium and alcohol, or catalytically. 

The principal products from the Grignard reactions, the 17-alkyl- 
androstenediols, serve as sources of a number of important compounds. 
In the case of the 17-methylandrostenediol conversion has been made 
to 17-methylisoandrostanediol,^^® 17-methyltestosterone,^^® and 17- 
methyldihydrotestosterone.^^^ The latter two compounds are espe- 
cially important because of their high potencies both in the capon test 
and in the rat test. In fact, 17-methyldihydrotestosterone is regarded 
by Deanesly and Parkes^^^ as the most potent of the androgens, either 
natural or synthetic, when all the effects are considered. 

Androgenic Hormones from Isoandrosterone. Isoandrosterone, 
being more easily prepared than androsterone, is generally used for 
the preparation of androstanedione. On catalytic reduction in acid 
media, or on reduction with sodium and propanol, isoandrosterone 

Butenandt and Hanisch, Ber., 69 , 2773 (1936). 

Ruzicka and Goldberg, Helv. Chim. Acta, 19 , 1407 (1936). 

Marker, Kamm, Oakwood, and Laucius, J. Am. Chem. Soc., 68 , 1948 (1936). 

*®®Ruzicka and Rosenberg, Helv. Chim. Acta, 19 , 357 (1936) ; Butenandt, Cobler, and 
Schmidt, Ber., 69 , 448 (1936). 

Ruzicka, Goldberg, and Meyer, Hdv. Chim. Acta, 18 , 210 (1935) ; Ruzicka and 
Wettstein, ibid., 18 , 1270 (1935). 
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is converted to isoandrostanediol (XXXV). Ruzicka formu- 
lates this compound as one in which the Cu — OH group is trans to the 
Ci 3 — CH 3 , and according to his practice of referring the C3 — OH group 
to the Cs — H, the compound should be described ^ (trans), 17 (trans) - 
dihydroxy androstane. According to the convention of referring the 
C 3 — OH group to the Cio — CH 3 , isoandrostanediol is described as 


QH 



Isoandrostanediol 
I3 (cia), 17(/ran#)-dihydroxy] 



I3(cw), 17 (ci«)-dihydroxy] 


3(as),17(^rans)-dihydroxyandrostane. The isomeric czs-isoandrostane- 
diol (XXXVI), with the C17 — OH group in a cis relationship to the 
C 13 — CH 3 , has been prepared by the catalytic reduction of 
androstenediol. ^ ^ ^ 

Dihydrotestosterone (XXXVII) is readily available from isoandro- 
sterone or testosterone. The preparation from isoandrosterone is 
carried out via the diacetate of isoandrostanediol. Saponification at 
room temperature with alcoholic alkali takes place preferentially to 


OH 



XXXVII Dihydrotestosterone 


give 3-hydroxy-17-acetoxyandrostane, and this compound is easily 
converted to dihydrotestosterone by oxidation and saponification. 
Testosterone when hydrogenated in absolute ether with palladium 
sponge as a catalyst is converted directly to dihydrotestosterone. A 

Butenandt, TBcherning, and Hanisch, Ber., 68, 2097 (1935); c/., Ruaicka and Gold- 
berg, Helv. Chim. Acta, 19 , 99 (1936). 

Butenandt, Taoherning, and Hanisch, Ber., 68, 2097 (1935). 
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irans configuration at C 5 is produced in this reduction which is in 
accord with v. Auwers-Skita’s rule but contrary to the experience of 
obtaining coprostanone from cholestenone (p. 1257). 

Structure and Physiological Action. It was appreciated early in 
the study of the androgenic hormones that there are two types of 
hormones of which the typical representatives are androsterone and 
testosterone. The androsterone type is characterized by a lower value 
for the ratio, comb unit : rat unit, than the testosterone type. Possibly 
the ideal male hormone would be one in which this ratio is 1 : 1. Of 
the known androgens, isoandrostanediol most nearly approaches this 
ideal, but, unfortunately, this hormone suffers from the handicap that 
it possesses low activity both in the capon and in the rat tests. 

Various points in connection with structure and physiological activ- 
ity have been developed in the course of the discussion of the methods 
of preparation of the male hormones. They may be recapitulated and 
extended here with the aid of the generalizations that have been made 
by Deanesly and Parkes.^^^ 

1. A normal configuration of the C 3 — OH group {irans to C 5 — H, 
CIS to Cio — CH 3 ) is unfavorable to comb growth and may be unfavora- 
ble to seminal vesicle growth; an epi configuration of the C 3 — OH 
group is favorable to comb growth. Examples: Isoandrosterone (C.U., 
700-850) vs. androsterone (C.U., 100), or isoandrostanediol (C.U., 520- 
600) vs. androstanediol (C.U., 23-33). 

2. Oxidation of an epi-Cs — OH group to ketone has little effect on 
the activity, but oxidation of the normal C3 — OH to ketone increases 
the activity markedly. Examples: Androsterone (C.U., 100), andro- 
stanedione (C.U., 100-120), and isoandrosterone (C.U., 700-850); or 
androstanediol (C.U., 23-33), dihydrotestosterone (C.U., 25-30), and 
isoandrostanediol (C.U., 520-600). 

3. Reduction of the 17-keto group to hydroxyl increases the male 
activity, especially that on the seminal vesicles. A trans configuration 
of the Ci 7 — OH group is more potent than a cis configuration. Exam- 
ples: A^-Androstenedione (R.U., 500 *) and testosterone (R.U., 100); 
androstanedione (R.U., 700) and dihydrotestosterone (R.U., 50); 
testosterone (R.U., 16) and m-testosterone (R.U., >1000). 

4. Unsaturation at C4 or C5 may increase the seminal vesicle 
activity, but the effect is irregular: Example with increase: Isoandro- 
sterone (R.U., 5000) and dehydroandrosterone (R.U., 3000). Example 
with decrease: Dihydrotestosterone (R.U., 50), and testosterone 
(R.U., 100). 

* The values for the rat unit (R. U.) are from Butenandt (Table XIII) except for the 
pair testosterone, cw-testosterone of item 3, where the values of Tschopp are used. 
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6. A methyl group at Ci? may increase the comb activity and 
definitely increases the activity on the prostate gland. Example: 
Methylisoandrostanediol (C.U., ca. 400), and androstanediol (C.U., 
23-33). 

6 . Alkylation at C 3 (C 3 — R) destroys the activity completely. 

Activators and Inactivators. When testosterone is combined with 
the inactive oils obtained from urine, the resulting activity is greater 
than that of testosterone alone. ^^9 study of this phenomenon has 

led to the discovery of substances that activate, or inactivate, the 
male hormones. The saturated fatty acids such as palmitic acid serve 
as activators, but paraffin hydrocarbons and glycerol inactivate to 
the extent of about 50 per cent.^ Propylene glycol, on the other hand, 
increases the activity of testosterone. ^ ^ ^ 

The esters of testosterone have been investigated also.^®“ In 
general the esters are favorable to seminal vesicle growth rather than 
to comb growth. The maximum activity was obtained by the use of the 
(asters of the butyric acids and n-valeric acid, although the propionate 
is definitely more potent. With these esters the ratio of the size of 
the prostate to the seminal vesicles is the same as in normal animals; 
with testosterone the ratio is in favor of the prostate. Like the esters 
of the estrogenic hormones the duration of the physiological action is 
somewhat prolonged with the esters of the male honnones. 

Bisexual Hormones. As cited above, A^-androstenedione is active 
estrogenically but is devoid of male hormone activity. Two other 

OH 


XXXVIII 6-Oxotesto8terone 
(steric position of 
Ci 7 — OH provisional) 

compounds have been found that are structurally related to the an- 
drogens but which have estrogenic activity comparable to that of the 
true estrogens. These are 6-oxotestosterone (XXXVIII), formed by the 

Miescher, Wettstein, and Tschopp, Schweiz. Med. Wochschr., 66, 310 (1930). 
Deanealy and Parkes, Lancet, 231 , 837 (1936). 

Miescher, Wettstein and Tschopp, Biochem. J., 30 , 1977 (1936). 
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oxidation of the Ci7-acetate of A^-androstenediol,^®2a mixture 

of ds and irans forms of 3-carboxyandrostanone (XXXIX), obtained 
when the Grignard from the chloride of dehydroandrosterone is treated 
with carbon dioxide. ^ ^ The three androgenic hormones, A^-androstene- 
diol, dehydroandrosterone, and A^-17-methylandrostenediol, not only 
have male hormone activity but also produce estrus.^^^ The enol esters 
of the androgens with unsaturation at C 4 are without estrogenic activity 
even though ring A is serni-benzenoid in structure in these com- 
pounds.'*®^ Nearly all the androgens that are non-estrogenic in the 
Allen-Doisy test do produce vaginal opening (proestrus) in immature 
animals and may be said to have estrogenic tendencies.* Surprising as 
this estrogenic activity is, the production of progestational proliferation 
by I7-methyltestosterone and testosterone^®^ is even more remarkable, 
since in a sense this biological phenomenon is more truly female than 
estrus.f It is uncertain in all these responses whether the action is 
direct or indirect. 


The Biogenesis of the Sex Hormones 

With the realization of the close relationship that exists structurally 
between cholesterol and the sex hormones, both Ruzicka and Butenandt 
have formulated transformations showing how the hormones can con- 
ceivably originate from the sterol. The scheme that has been developed 
by Ruzicka^ ®^ is shown in the accompanying diagram. In this scheme 
the names of the native hormones are shown in boldface type; the 
naturally occurring compounds that are related to the hormones, in 
italics; and a few related intermediary compounds not found in nature, 
in ordinary type. The degradations from one stage to another are 
supposedly accomplished by enzymatic oxidation, reduction, and 

Butenandt and RieRel, Ber. 69, 1163 (1936). 

Ruzicka and Fischer, Heir. Chim. Acta, 19, 1371 (1936). 

♦ For list of compounds with positive vaginal test, see Dannenbaum, Ergeb. Physiol., 
38, 832-833 (1936). 

Klein and Parkes, J. Soc. Chem. Ind., 56, 236 (1936); Proc. Roy. Soc. (London), 
121B, 574 (1937). 

t It has been pointed out by Korenchevsky and co-workers, Biochem. J., 31, 780 (1937) 
(and earlier papers) , that, aside from progesterone, there are no purely “ male ” or “ female ” 
hormones. Furthermore, there arc relatively few “true" bisexual hormones, and accord- 
ing to this investigator only dehydroandrosterone, testosterone, and A®-andro8tenediol 
really qualify for this group. The other hormones may be regarded as partially bisexual. 
Androsterone, testosterone propionate, and androstanediol are bisexual hormones with 
chiefly “male" characteristics. Estrone and estradiol are bisexual hormones with chiefly 
“female" properties. In reaching these conclusions, Korenchevsky has studied the 
effects of the hormones on the entire genital system. The various hormones have been 
tested singly and in combination. 
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demethylation. The schemes are plausible, but they do not take into 
account the mechanism of the formation of cholesterol in the body. 
It is possible that a modification of the same cellular mechanism that 
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produces cholesterol may be responsible for the production of the sex 
hormones.* 


THE ADRENAL SUBSTANCESf 

Two important hormones, adrenaline and cortin, are produced 
in the adrenals, small glands, one situated near each kidney. The pro- 
duction of cortin is the more important function of the adrenals, since 
it is essential to life and is apparently produced only in these glands. 
Adrenaline, although also essential to life, is produced in several other 
organs. A deficit of cortin caused by injury to the adrenals leads to 
bronzing of the skin, muscular weakness, and an increase in the blood 
urea level; overdevelopment of the glands in children results in preco- 
cious sexual development. The last fact suggests that cortin is either 
closely related to the sex hormones or is involved in their production, f 


* In support of a biochemical transformation of cholesterol to sex hormones the work 
of Rondoni, Carminati, and Corbellini, Z. physiol. Chem., 241 , 71 (1936), may be cited. 
These workers allowed mixtures of cholesterol and minced liver to autolize at various 
temperatures for several weeks. At ihe end of this time extracts of the mixtures were made 
and found to have estrogenic activity in some instances, but apparently the tests were 
not well controlled [Cf. Voss and Rabald, ibid., 245 , 76 (1937) and Rondoni, ibid., 245 , 
78 (1937)]. In a later publication, Rondoni and co-workers, ibid., 247 , 225 (1937) 
reaffirm their results. 

The conversion of one sex hormone to another by yeast has been studied by Mamoli. 
Top yeast converts dehydroandrosterone to A®-androstenediol [Mamoli and Vercellone, 
ibid., 245 , 93 (1937)] and under reducing conditions yeast hydrogenates A^-androstenedione 
to testosterone [Mamoli and Vercellone, Ber., 70 , 470 (1937)]. Although in these cases 
the point of attack is the grouping at Cn, the action is not limited to this center since 
androstanedione is reduced to isoandrostanediol by yeast [Vercellone and Mamoli, 
Z. physiol. Chem., 248 , 277 (1937)]. 

t For summary see Reichstein, Helv. Chim. Acta, 19 , 29 (1936) and Mason, Hoehn, 
McKenzie, and Kendall, J. Biol. Chem., 120 , 719 (1937). For physiology see Grollman, 
“The Adrenals,” Williams and Wilkins, Baltimore (1936). 

J The interrelation of the sex hormones and the adrenal substances is further indicated 
by the isolation of a number of unusual compounds from the urine of patients with patho- 
logical changes of the adrenals. The first case reported was one of a girl with an adrenal 
tumor who showed signs of virilism. In this instance. Callow, J. Soc. Chem. Ind., 66 , 
1030 (1936), found that abnormally high amounts of dehydroandrosterone were excreted. 
Later, Butler and Marrian, J . Biol. Chem., 119 , 565 (1937), studied the urine of two young 
women suffering from the adreno-genital syndrome and were able to isolate a new com- 
pound, pregnan-3,17,20-triol, C 21 H 36 O 3 , m. p. 243-244°. This triol does not form an 
insoluble digitonide and on gentle oxidation with lead tetraacetate yields acetaldehyde 
and 3-e?n-hydroxyetio(!holan-17-one. Thus the Cs — OH is trans to the Cio — OH*, and the 
compound may be described as 3 (^rans), 17, 20-trihydroxypregnane. Perhaps it bears 
the same relationship to one of the adrenal substances as pregnanediol does to progestin. 

On the other hand, Burrows, Cook, Roe, and Warren, Biochem. J., 31 , 950 (1937), 
have isolated A'‘’^-andro8tadien-17-one from the urine of a man with a tumor of the adrenal 
cortex. This patient showed definite signs of feminism and excreted large amounts of 
estrogenic substances but not enough for characterization. A'’'^-Andro8tadien-17-one 
may be regarded as having some biological connection with dehydroandrosterone from 
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Methods of obtaining crude potent extracts were developed in 1929- 
1930.* Since then several groups of investigators have attempted to 
isolate the hormone, but without success. In the course of the search 
for the pure hormone a number of substances have been encountered 
that are probably closely allied with it. All the substances obtained in 
sufficient quantity for examination have been found to be closely related 
to the androgenic hormones, and several of them to possess male hor- 
mone activity. 

The cortin content of extracts and of purified fractions may be 
evaluated by testing on animals whose adrenals have been removed. 
p]ither adrenalectomized dogs or rats are used for the assay. For dogs, 
one cortin unit is the minimum daily dose per kilogram which will 
maintain the blood urea level and the w^eight in essentially normal 
condition when administered over a period of seven days. With rats a 
fatigue test is generally used. The rat unit is equivalent to 50-100 dog 
units. Although most of the testing is done on rats, the dog method is 
far more exact. The purest cortin preparations which have been 
reported assay about 400 dog units per milligram. 

The Adrenal Substances. In the extraction of cortin the adrenals 
are treated with alcohol or acetone, the solution freed of adrenaline, and 
the fats removed by partition between hydrocarbon solvents and water, 
or water-alcohol solutions. Active and inactive compounds are finally 
separated by fractional crystallization, by partition between solvents,! 
or by the application of Girard^s Reagent T (p. 1357). By these methods 
Mason, Myers, and KendalH^''’* have obtained eight compounds, 
designated by the letters A-H; Pfiffner and Wintersteiner,^^^ seven 
compounds, A-G; and Reichstein,^®^* twelve compounds, A-M. 
The chemical composition and physical constants of the several com- 
pounds are listed in Table XIV. Through exchange of material and by 
comparison of physical constants a number of identities have been estab- 


which it is easily prepared by dehydration with anhydrous copper sulfate at 200°. This 
same patient excreted p-cresol in his urine. Since publication of this fact, Marshall, 
Nature, 140, 362 (1937), has reported that pregnant mares excrete a considerable amount 
of this phenol, 110 grams of p-cresol having been isolated from 400 gallons of gravid 
mares’ urine. 

* The best method appears to be that of Swingle and Pfiffner, Medicine, 11, 371 (1932). 
Other methods have been developed by Hartman and Brownell, Grollman, and Rogofif and 
Stewart; for summaries see “Ann Rev. Biochem.,’’ Vols. I-V. 

t According to Kendall, reference 475, the compounds containing 4 oxygen atoms may 
be separated from those containing 5 oxygen atoms by distribution between benzene and 
water, the O 4 compounds remaining in the benzene. 

Mason, Myers and Kendall, J. Bid. Chem., 114, 613 (1936) ; 116, 267 (1936). 

^ Pfiffner. Wintersteiner, and Vars, /. Biol. Chem., Ill, 585 (1935) ; 116, 291 (1936). 

Reichstein, Helv. Chim. Ada, 19, 29, 1107 (1936). 
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TABLE XIV 
Adrenal Substances 


Compound 

Formula 

M. P., °C. 

[a] 646 (alcohol) 

Series of Mason. Myers^ and Kendall 

A 

C 21 H 20 O 4 

177-180 

+299 ±1 

B 

C 21 H 30 O 4 

177-180 

4-258 ^3 ♦ 

C 

C 21 H 34 O 6 

245-250 

-h 84=h5 

D 

C 20 H 84 - 36 O 5 

214-216 

-f- 29 (acetone) 

E 

C 21 H 30 O 6 

201-208 

+248 db4 

F 

C 21 H 30 O 6 

214-220 

+178=t5 

G 

C 21 H 32 O 6 

228-236 

+ 83=t2 

H 

C 21 H 32 O 4 

172-176 

+ 118 

Compound 

Formula j 

M. P., ° C. 

[alD (alcohol) 


Series of Pjiffner and Wintersteiner 


A 

C 20 - 2 iH 34 - 36 O 6 

214 


B 

C21H32O6 

210-214 j 


C 


125-128 


D 


236-239 


E 

CnHi 802 N 2 

158-161 


F 

C29H28O6 

203-209 

+209 

G 

C21H34O3 

264 

+ 38 

Compound 

Formula 

M. P., C. 

1«]d (absolute alcohol) 



♦falDCalc.) « + 222. 
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lished. In the tabulation given below the compounds listed in the 
same vertical column are identical. 

Kendall^s Series B C E G 

Pfiffner & Wintersteiner's Series. FDA 

Reichstein^s Series H C Fa A 

All the compounds are ketones or hydroxyketones. In the impure state 
cortin activity is destroyed by alkali and, since crude extracts of pro- 
gesterone and testosterone are also inactivated by this treatment, it 
appears from the outset that there is a similarity of structure between 
the adrenal hormone and the sex hormones. Partial formulas for many 
of these compounds can be given, but in all cases one oxygen atom 
remains unassigned. There is evidence that this oxygen atom is attached 
at Cn- 

Reichstein’s Substance A. The first compound to be degraded to 
a recognizable product was compound A of Reichstein^s series. On 
oxidation with periodic acid an hydroxyketone (II), rn.p. 236°, is formed. 
By further oxidation with chromic acid the diketone (III), rn.p. 178°, is 
obtained, and, by reduction of this diketone with amalgamated zinc and 
catalytic hydrogenation, a mixture of androstane (IV) and 1 7-hy droxyan- 
drostane (V) is produced. Androstanedione, reduced by the same proced- 
ure, also gives these two end products. The diketone III is fonned from 
substances C and D of Reichstein’s series, if they are oxidized with 
chromic acid. From the investigations of Clutterbuck'*^^^ as well as of 
other workers the reactions with periodic acid and with lead tetra- 
acetates indicate that the structure at C 17 is essentially that of 
glycerol. Thus Reichstein^s compound A has structure I with one 
unassigned oxygen which may be present in an unreactive carbonyl 
group, in an inert hydroxyl group, or in an oxide ring. 

Reichstein’s Substances E and G. The fractions with greatest 
cortin activity absorb in the ultra-violet at 240 m^u (a,iS-unsaturated 
ketones), and from these fractions a number of ketones with absorption 
in the same region have been isolated. Reichstein’s substances E and G 
are two such compounds. Substance G is active in the capon comb test 
and has been given the name adrenosterone and the probable structure 
VII.^^^ Substance E is converted to substance G by chromic acid 
oxidation; it probably has the configuration shown in structure VI. 

Reichstein, ibid., 19 , 402, 979 (1936). 

*•’ Clutterbuck and Reuter, J. Chem, Soc., 1467 (1935). 

e.g. Criegee, Ann., 496 , 211 (1932). 

Reichstein, Helv. Chim. Ada. 19 , 223 (1936). 

Reichstein, ibid., 19 . 1107 (1936). 
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Reichstein’s Substance Fa — ^Kendall’s Substance E. Although 

Reichstein’s substance Fa and KendalPs substance E appear to be 

CH2OH 



y 17-HydroxyandroBtane 


identical, two different structures have been offered for the compound. 
Reichstein^^^ has suggested structure VIII on the basis of absorption 
spectrum and the products of oxidative degradation; Kendall^ inter- 
prets similar evidence to indicate structure IX. For his compound 


Mason, Myers, and Kendall, J. Biol. Chem., 116, 267 (1936). 
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Kendall claims qualitative cortin activity, but the other investigators do 
not agree with this conclusion. 

Kendall’s Substance B — Reichstein’s Substance H: Corticosterone. 

A compound with cortin activity approximately one-tenth that of the 
purest cortin extract has been described both by Reichstein^^^ and by 



VI Reiohfltein*8 substance E VII Adrenosterone (Reichstein’s substance G) 



VIII Reichstein's substance Fa IX Kendall’s substance E 


Kendall^ ^ ^ and has been named corticosterone by the former. Formula X 
gives the partial structure of corticosterone. The presence of a 
O 

II 

Ci7 — C — CH2OH side chain has been established by oxidizing 
corticosterone with periodic acid. The products are an acid 
(C19H27O2) — CO2H (Kendall’s acid 2, XII) and formaldehyde. Cortico- 
sterone gives the reactions of a diketone and absorbs in the ultraviolet at 
240 m/Lt. The second carbonyl group has been assigned to C 3 in conjuga- 
tion with a double bond at C4. The most convincing argument for the 
correctness of this formulation comes from the work of Reichstein.^^^ 

DeFremery, Laquour, Reichstein, Spanhoff, and Uyldert, Nature^ 139, 26 ( 1937 ) ; 
Keichstein, ibid., 189, 331 ( 1937 ); Steiger and Reichstein, ibid., 139, 925 ( 1937 ). 

Mason, Hoehn, McKenzie, and Kendall, Abstracts Organic Section, 93rd Meeting 
Am. Chem. Soc., p. 17 ; Kendall, Mason, Hoehn, and McKenzie, Proc. Staff Meetings 
Mayo Clinic, IS, 136 , 270 ( 1937 ); Mason, Hoehn, McKenzie, and Kendall, J. Biol. Chem., 
120, 719 ( 1937 ), 
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This investigator degraded stigmasterol (p. 1283) to 21-hydroxyproge- 
sterone (XI), a compound which is analagous in structure to that pro- 
posed for corticosterone. When administered to an adrenalectomized 
dog, 2 1-hydroxy progesterone was capable of maintaining the animal in 
good condition, but the required level of dosage was three times that of 
corticosterone. Other evidence indicating the presence of a carbonyl 
group at Cs in corticosterone is discussed below. 


OHatCjj(?) 

X Corticosterone XI 21-Hydroxyprt>ge8terone 

The Unassigned Oxygen. The position of the unassigned oxygen is 
difficult to establish because of the extremely small amounts of the 
natural compounds that are available for study, and because of the 
unreactive character of the functions containing this oxygen. The accu- 
mulated evidence indicates that the unplaced oxygen is present at Cn. 
This conclusion has been reached from the study of the two 
physiologically active compounds, KendalTs A (XIII) and corti- 
costerone, and of the inactive compound, KendalPs compound H (XIV). 

When compound A (XIII) of KendalTs series is oxidized with peri- 
odic acid, formaldehyde and acid 1 (XV) are formed. Acid 1 is also 
obtained when acid 2 (XII) is oxidized with chromic acid. Acid 1 
reacts with methylmagnesium iodide (Kohler method, p. 416) in such 
a way that one carboxyl and two carbonyl groups are indicated, and the 
absorption spectrum of acid 1 shows that one of these carbonyl groups 
is conjugated with an ethylenic double bond. When acid 1 is hydro- 
genated in slightly alkaline alcohol with palladium as a catalyst, acid lA 
(dihydro-acid 1, XVI) is produced. Hydrogenation of acid lA, or of 
acid 1, in alcoholic solution with platinum as a catalyst results in the 
uptake of another mole of hydrogen to give acid IB (XVII) which may 
be further hydrogenated in acetic acid solution to acid 1C (hexahydro- 
acid 1, XVIII). Acids IB and 1C give insoluble digitonides in 90 per 
cent alcohol. With the Grignard reagent, acid 1C shows 2.5 active 

* For example, 0.7-1. 0 gram of compound A waa obtained from 3000 pounds of fresh 
glands (Kendall, reference 475) 
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XXI Dihydro'compoand B XVI Acid 1 A XVI II Acid 1 C 

I m.p. 272-273® [a]5^-f-H4 m p- 2S4-28CS [a]54g+71 



XXII Dlhydro-»dd 2 XIX Acid ID XX Cidoro-acid 1 C 

m.p. 266*270® [a]54fl+100 m p. 285-266° [a]54g-»-98 

(All Btructurea are provisional) 
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hydrogens and probably has two hydroxyl groups — one at C 3 , the other 
at Cii. The hydroxyl group that is assigned provisionally to Cn is inert, 
however, for on mild oxidation with chromic acid in aqueous acetone it is 
not attacked, and, on treatment with PCI5 in organic solvents, it is not 
substituted by chlorine. In both reactions the C 3 — OH is acted upon 
to give, in the first instance, the ketonic acid ID (XIX); in the second, 
the chloro-acid 1 C (XX). 

The inactive compound, Kendairs substance H, differs from com- 
pounds A and B in that it does not absorb ultra-violet light and forms 
an insoluble digitonide. On oxidation with periodic acid, compound H 
is converted to acid IB, the product of catalytic hydrogenation with 
platinum of acid 1. Since this and the other hydrogenations discussed 
above are carried out in neutral media, and the products form insoluble 
digitonides, the several compounds probably correspond structurally 
to dihydrocholesterol rather than to coprosterol (c/., p. 1257). 

The inertness of the unplaced oxygen function is suggestive of the 
behavior of the other compounds of the steroids — digoxigenin and sar- 
mentogenin and their derivatives (pp. 1333, 1335) — with oxygen at Cu 
and cannot be reconciled with attachment at any other position, except 
possibly at C12. To rule out the possibility of attachment at C12, Kendall 
prepared 3,12-diketoctiocholanic acid, m.p. 156-159°, for comparison 
with acid 1 (XV). The two acids are obviously different but, as Kendall 
later recognized, they are probably isomeric about C 5 and the com- 
parison is meaningless. Reichstoin,^^^ also, sought to eliminate attach- 
ment at Cl 2 by studying the properties of a compound prepared from 
corticosterone, in which only the unplaced oxygen function was present, 
presumably as an hydroxyl group. Because of the uncertainty of 
whether or not an hydroxyl group was actually present in the substance 
that was studied, the argument is not wholly convincing and will not 
be considered here. 

A further puzzling situation arises in connection with acid ID. If 
corticosterone is catalytically reduced in the presence of palladium, 
one mole of hydrogen is taken up and dihydro-compound B (XXI) 
results. On oxidation with periodic acid, the a-ketol side chain of 
dihydro-compound B is converted to carboxyl, but the product, dihydro- 
acid 2 (XXII), is not identical with acid ID even though the physical 
constants are very close. The lack of identity is shown by the fact 
that a mixed melting point of the methyl esters of the two acids is 
ca. 25° below that of the methyl ester of either pure acid, both of which 
melt at 170-171°. Evidently the two acids are stereoisomeric about Cn. 


Steiger and Reichstein, Hdv, Chim. Acta, 20 , 817 (1937), 
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Obviously generalizations on the relation of structure and physio- 
logical activity cannot be made at the present time. It is apparent, 
however, that a carbonyl group at C 3 in conjugation with a double bond 
at C4 is essential for high activity. Kendall reports that reduction 
of the C 4 ethylenic linkage reduces the physiological activity to 1/50 of 
that of the parent compounds. 

Other Adrenal Substances. Wintersteiner and Pfiffner^ ^ ^ have pro- 
visionally identified their substance E as leucylprolinc anhydride. Reich- 
stein has isolated a sulfur-containing substance, C4H10O3S (not listed 
in the series). It has been identified as bis-O-hydroxyethyl) -sulf- 
oxide.^^® Although these substances have no bearing on the cortin 
problem, their occurrence, especially that of the sulfoxide, is interesting. 

CONCLUSION 

The determination of the structures of the various members of the 
cyclopentanoperhydrophenanthreiie group is a brilliant example of 
modern methods of investigation. It should be emphasized that the 
essential clue to the final rapid development of the field was furnished 
by the timely suggestion of Rosenheim and King, based on the x-ray 
measuremcmts (p. 1229) of Bernal. Thus the impetus to clarification in 
one of the most important chapters of organic chemistry came from 
physical measurements. 

Obviously the structural chemistry of this group of compounds is 
not concluded. Although the arguments leading to the accepted struc- 
tures are extremely plausible, synthetic evidence is still lacking, and 
until synthetic proof is available, some uncertainty must remain. 
Already a great deal of work is in progress toward this goal, but ixs yet 
it is in a preliminary stage. The fascinating problem of how these 
compounds are formed in nature is equally important, and with this is 
associated the question of how minor modifications in the structure result 
in such different physiological effects. Indeed, viewed iis a whole, the 
chemistry of the cyclopentanoperhydrophenanthrene group begins, 
rather than ends, with the determination of acceptable structural 
details. 
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INTRODUCTION 

The research field concerned with the development of the funda- 
mental organic chemistry of the carbohydrates has been a very active 
one and is still the object of a large amount of research. The great 
organic chemist Emil Fischer made his first mark here, and many others 
have been attracted by this fascinating group of substances. The 
carbohydrates may be classified from the standpoint of their hydrolytic 
products into monosaccharides, oligosaccharides, and polysaccharides; 
the last two groups produce monosaccharides on hydrolysis; the molecu- 
lar complexity of the oligosaccharides is known with certainty, but that 
of the polysaccharides is still an uncertain quantity. The monosac- 
charides are polyhydroxy aldehydes and ketones that reduce mild 
alkaline reducing agents, such as Fehling’s solution. They may be 
further classified according to the length of their carbon chain and 
according to the nature of their carbonyl function; thus there are 
aldopentoses, aldohexoses, ketohexoscs, etc. The monosaccharides are 
colorless crystalline solids and possess a sweet taste. 

The central compound of the carbohydrates is d-glucose, and any 
development of the subject of carbohydrate chemistry from a research 
problem standpoint must revolve about this substance. d-Glucose is a 
monosaccharide classified as an aldohexose. It is the most readily 
available of the monosaccharides and the most important one from 
the standpoint of animal metabolism. Since all the monosaccharides 
are polyhydroxy aldehydes or ketones, it follows that knowledge gained 
by an investigation of the d-glucose molecule can generally be extended 
to its many relatives. This extension is not always easily accomplished, 
and of course significant and interesting differences in reactivity are 
exhibited by the various other monosaccharides. The development 
of our present conception of the structure of d-glucose represents a 
fascinating chapter in the evolution of a chemical formula. As new 
experimental evidence was obtained, previous ideas had to be revised 
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in the sense that the old views were not wrong but were incomplete. 
Thus the formula of d-glucose stands today as a representation of one 
of the most thoroughly investigated substances in the entire field of 
organic chemistry. 

The original sweetening agent native to Europe was the sugar mix- 
ture known as honey. Alexander the Great is credited with introducing 
cane sugar into Europe from the Orient, and purified cane sugar or 
sucrose was undoubtedly the first crystalline sugar known. Ironically, 
of all the sugars, the formula of this substance has proved to be the most 
difficult to unravel. Since the sugar cane could be grown only in the 
tropics, a search was made in Europe for a native plant substitute 
amenable to field cultivation, and this culminated successfully in the 
beet-sugar industry, established by Achard^ (1798). In the course of 
this search, Marggraf^ (1747) had crystallized a substance which he 
recognized as being different from cane sugar and which he termed 
^^eine Art Zucker.'^ This was the substance which is now called glucose. 
Sucrose crystallizes very readily. Glucose, on the contrary, is a difficult 
substance to crystallize, and it is only within the past few years that 
crystalline glucose has been produced commercially at a low cost. 

The w'ritings of Marggraf do not constitute the first record of crystal- 
line glucose. This had been prepared previously from a variety of 
sources, but especially from grapes, and was known to the ancient 
Persians and Arabians. Reference to this grape sugar can be found in 
the old Moorish records^ (1150) and in the WTitings of the alchemists 
and early pharmacists. 

Elementary analysis of glucose produced the empirical formula 
CH 2 O. This formula represents the origin of the French term hydrate de 
Carbone^ w^hich was modified in the German to Kohlenhydrat and the 
latter translated into English as carbohydrate. A molecular-weight 
determination showed that the true formula w’^as C 6 H 12 O 6 . This 
result w^iis not obtained until 1888 (Tollens and Mayer), ^ as no method 
wjis available for determining its molecular weight until the appearance 
of the work of Raoiilt^'^ (1880) and the Beckmann apparatus® (1888). 

That glucose contained five acetylatable hydroxyl groups was proved 

^ Achiird, “ Die eiiropaische Zurkerfabrikation aue Runkelriiben,” Hinrichs, Leipzig 
(1809); cf., von Lippmann, “ Gesehiehte des Zuckers,” 2nd ed., Springer, Berlin (1929), 
pp. 098, 700, 701. 

^ Marggraf, Ber. Berliner Akad., V, 79 (1749); c/., von Lippmann, “ Gescliichte des 
Zuckers,” 2nd ed., Springer, Berlin (1929), p. 683. 

^ Ibn Al-Awam, II, 398, 400; cf,, von Lippmann, “ Gesehiehte des Zuekers,” 2nd ed., 
Springer, Berlin (1929), p. 682. 

* Tollens and Mayer, Ber,, 21 , 1566 (1888). 

® Raoult, Ann. chim. phys., [6] 20 , 217 (1880). 

® Beckmann, Z. physik. Chem., 2 , 638 (1888). 
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definitely by Franchimont ^ (1879 and 1892), who obtained its first 
crystalline pentaacetate. This, together with its reducing properties, 
gave the formula C 5 H 7 (OH) 5 — CO. It is necessary to emphasize 
here that real progress in the chemistry of the sugars can result only 
on the basis of pure crystalline derivatives. The failure to recognize 
this premise adequately has led to many grievous errors and much 
confusion. 

Kiliani® then improved the procedure of Schiitzenberger® (1881) 
for forming the cyanohydrin of glucose, hydrolyzed this to the acid, 
reduced the latter with hydriodic acid, and obtained n-heptoic acid 
(1886). This proved that an aldehyde group was present and that the 
six carbon atoms of glucose were arranged in a straight or normal chain, 
thus indicating the formula CH 2 OH — (CHOH) 4 — CHO. Kiliani^® 
(1886) also applied the above procedure to fructose, which was an isomer 
of glucose isolated by Dubrunfaut^^ (1856) from invert sugar through 
its property of forming an insoluble compound with lime. Kiliani 
arrived at the formula CH 2 OH — (CHOH) 3 — CO — CH 2 OH for this 
substance and thus demonstrated the existence of a polyhydroxy 
ketone or ketose. 

CONFIGURATIONAL ISOMERISM OF THE MONOSACCHARIDES 

It is to be noted that the Kiliani formula for glucose contained four 
asymmetric carbon atoms and according to the vanT Hoff^ ^-Le BeP^ 
(1874) theory, which was at that time quite new, there were 2^ or 
sixteen possible isomers for this compound. Examples of such isomers 
had begun to appear, as for instance, the isolation of galactose in 1856 
by Louis Pasteur. ^ ^ The simple sugars that were isolated from natural 
sources and found to be different from glucose were considered to be 
isomeric with it and assigned the same formula. One of these supposed 
isomers was arabinose, and on closer investigation of this substance 
Kiliani (1886) was surprised to find that it contained only five carbon 
atoms. Thus was established the first member of the group of sugars 
known as the aldopentoses. The problem of determining the spatial 
configuration of all these isomers appeared quite hopeless. To add to 

^ Franchimont, Ber., 12, 1940 (1879); Rec. trav. chim., 11, 106 (1892). 

8 Kiliani, Ber., 19, 767 (1886). 

® Schtitzenbcrger, Bull. soc. chim., [2] 36 , 144 (1881). 

io Kiliani, Ber., 19, 221 (1886). » 

Dubninfaut, Compt. rend., 42, 901 (1866). 

** van’t Hoff, “ Sur les formules de structure dans I’espace," Arch, nierland. aci. 
(1874). 

i*Le Bel, Bull. soc. chim., [2] 22, 367 (1874). 

Pasteur, Compt. rend., 42, 347 (1866). 

18 Kiliani, Ber., 19, 3029 (1886); 20, 339 (1887). 
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the difficulty, the substances and their derivatives were difficult to 
crystallize, and they were also very sensitive to heat and to strong 
reagents. The time was thus ripe for a genius to arise who would possess 
the ability and industry to bring order out of chaos, and this genius was 
Emil Fischer. 

Emil Fischer was at the time concerned with the apparently unre- 
lated problem of preparing substitution products of hydrazine, among 
which was phenylhydrazine. He noted that the latter compound served 
quite well for preparing derivatives of aldehydes and ketones and he 
tried its action with the sugars^® (1884). Certainly he must have been 
astonished to find that crystalline substances were formed with surpris- 
ing ease. However, these did not analyze correctly for phenylhydrazones, 
two phenylhydrazine residues having entered the molecule. On further in- 
vestigation^^ (1887) he found that oxidation on the carbon atom adjacent 
to the aldehyde group had taken place with the formation of aniline, 
ammonia, and the substance he termed the phenylosazone. He was 
able to find the true phenylhydrazone as the expected intermediate, 
this substance being in most cases too soluble for ready separation. 
He noted (1884) that the phenylosazone obtained from glucose was 
identical with that obtained from fructose, and a start was made on 
the problem of solving the spatial configuration of the sugars. 


HC=0 HC=NNHC6H5 

I NII,NHC,H, I NHjNHC.Hs 

(CH0H)4 ^ ^ (('H0H)4 + HoO > 


CH2OH 

Glucose 


IIC^=NNHCoH5 

I 

c=o 

(CH0H)3 + NH3 + CsHsNHa 

I 

CH2OH 

CH2OH HC=NNHC6H5 

3NH2NHC.H 


CH20H 

Glucose phenylhydrazone 

HC=NNHC6H5 

NHiNHCeH. 


> C=NNHC 6 H 5 

I 

(CH0H)3 + H2O 

I 

CH20H 

Glucose phenylosazone 


c=o 

I 

(C^H0H)3 

I 

CH20H 

Fructose 


^ C=NNHC6H5 

(CH0H)3 + 2H2O + NH3 + CGH5NH2 
CH20H 

Glucose phenylosazone 


Fischer, Bcr., 17 , 679 (1884). Fischer, Ber., 20 , 821 (1887). 

w Fischer, Ber., 17 , 679 (1884). 
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Sugars producing the same osazone thus had identical structures on 
all but the first two carbon atoms. The aldohexose d-mannose also 
yielded d-glucose phenylosazone and accordingly differed from glucose 
only in the configuration of the carbon atom adjacent to the aldehyde 
group. Aldoses bearing such a relationship are now termed epimers 
(p. 181), a name suggested by Voto6ek^® (1911). 

The three fundamental procedures used by Fischer (1884-1894) in 
his great feat of elucidating the configuration of the sugars were osazone 
formation, oxidation to meso acids or reduction to meso alcohols, and 
the methods for building up or degrading the members of the sugar 
series. The formation of the meso or optically inactive and unresolv- 
able compounds indicated the symmetrical or internally compensated 
structures (p. 168). The reactions involved in the Fischer procedures 
will be discussed in some detail before their application to the solution 
of configurational problems is illustrated. These procedures constitute 
fundamental reactions of the aldoses and have been used for the syn- 
thesis of the various members of the aldose series. 

These aldose synthetic »nethods employ a naturally occurring sugar 
as the starting point and transform this into other aldoses by various 
procedures. Fischer did attain a complete glucose synthesis by develop- 
ing the experiments of Butlerow^^ (1861), who had noted that formalde- 
hyde and alkali produce sugars. This interesting reaction was further 
investigated by Fischer. He obtained a low yield of racemic glucose 
phenylosazone from the mixture (1889) and then skillfully com- 
pleted the difficult steps from racemic glucose phenylosazone to (/-glu- 
cose (1890). Since formaldehyde can be synthesized from its ele- 
ments, a complete glucose synthesis was thus accomplished. 

The aldose oxidation techniques were initiated mainly by Kiliani. 
On hypobromite oxidation, the aldoses produce the corresponding 
aldonic acids, a reaction that was greatly simplified by Isbell ^3 (1930), 
who produced the hypobromite ion by continuous electrolysis in a sugar 
solution containing a small amount of bromide ion, hydrobromic acid 
being the reduction product and this in turn being electrolyzed to form 
again hypobromite ion. Nitric acid oxidizes an aldose to a dibasic 
hydroxy acid, the aldehyde group and the terminal primary alcohol 
being the points of attack. 


Votocek, Ber., 44 , 362 (1911). 

20 Butlerow, Ann., 120, 295 (1861). 

2^ Fischer and Passmore, Ber., 22 , 369 (1889). 

22 Fischer, Ber., 23 , 370, 799 (1890). 

23 Isbell and Frush, Bur. Standards J. Research, 6, 1146 (1930), 
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CO 2 H 

(CH0H)4 

CH 2 OH 

d-Gluconic acid 

CO 2 H 

I 

(CH0H)4' 

I 

C02H 

c/-Glucosaccharic acid 


The aldoses may also be reduced to the corresponding sugar alcohols 
by various reducing agents, such as sodium amalgam. The reaction 
proceeds very slowly with chemical reducing agents, and at present the 
most promising procedures are those involving electrolytic methods or 
high-pressure catalysis^^ (Ipatieff, 1912). 


CHO 

I [H] 

(('H0H)4 -!-4 

1 

CH2OH 

d-Glucose 


CH2OH 

1 

(CH0H)4 

I 

CH20H 

d-Sorbitol 


The cyanohydrin procc'clure for adding a carbon atom to an aldose 
had been developed by Kiliani, as previously noted. He had always 
isolated only one product from the reaction. For example, the cyano- 
hydrin reaction when applied by him to arabinose-^ (1886 and 1887) 
produced the lactone of a new hexonic acid, later found to be Z-mannonic. 
On repetition of this work Fischer^® (1890) found the two products 
required by theory, one of which was the enantiomorph of d-gluconic 
acid. The two products can be predicted because a new^ asymmetric 
carbon atom is formed. They will be formed in unequal amounts 
as a new asymmetric center has been added to a molecule already asym- 
metric (p. 166). 

The aldonic acids undergo lactonization with ease, and this is the 
form in which they are generally obtained although a number of the 

Ipatieff, Bull, aoc, chirn,, [4], 14 , 552 (1913); Ber., 45 . 3218 (1912). 

Kiliani, Ber„ 19 , 3029 (1886); 20. 339 (1887). 
w Fischer, Ber,, 23 . 2611 (1890). 
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HcioH 

((!:hoh)3 
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HOH 
> 


CO 2 H 

I 
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I 

(CH0H)3 

I 

CH 20 H 

/-Mannonic acid 


CO 2 H 

I 

HOCH 

I 

(CH0H)3 

CH 20 H 

Z-Gluconic acid 


free acids have been prepared by crystallization from solvents in which 
lactone formation is hindered (Rehorst,^^ 1928). Kiliani-® (1887) 
made the remarkable observation that the double lactone of mannosac- 
charic acid could be reduced to the sugar alcohol mannitol with sodium 
amalgam. Fischer (1889) found that this reaction was general for 
the sugar lactones and made an important extension by finding that, 
when the procedure was carried out under slightly acidic conditions, 
the reduction stopped at the aldose stage. In this way Fischer obtained 
the epimeric higher carbon sugars of d-glucose, calling the one that 
crystallized a-glucoheptose and the one that did not /3-glucoheptose. 
By repeating the process by which glucose was changed to a heptose, 
Fischer^^ (1892) was able to make a glucononose, and Philippe^ ^ (1912) 
carried this to the decose stage. 

In addition to the above-described synthesis of cpimers through 
the cyanohydrin reaction and reduction of the resultant lactones, 
Fischer also employed the aldonic acids directly for epimer synthesis. 
This important general reaction resulted from his discovery ^ (1890) 
that an aldonic acid is converted in part into its epimeric acid on heating 
its solution with a mild base, such as pyridine. The two acids could 
then be separated and the desired epimeric lactone reduced to the aldose. 


2^Rehorst, Ber., 61 , 163 (1928); 63 , 2279 (1930). 
2» Kiliani, Ber., 20 , 2714 (1887), 

2® Fischer, Ber., 22 , 2204 (1889). 

Fischer, Ann., 270 , 64 (1892). 

Philippe, Ann. chim. phys., [8] 26 , 289 (1912). 

32 Fischer, Ber., 23 , 799 (1890). 
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The sugar degradation methods extended and confirmed the facts 
obtained by the cyanohydrin reactions. The first method used was that 
developed by Wohl. Wohl"^^ (1893) acetylated d-glucose oxime and 
obtained gluconic acid nitrile pcmtaacetate. Treatment of this sub- 
stance with an arnmoniacal solution of silver oxide produced the 
diacetamide compound of arabinose, and this on acid hydrolysis yielded 
d-arabinose or the enantiomorph of the common naturally occurring 
pentose. 


CHO 

(CTI0H)4 

I 

CH2OH 

d-Glucose 


H2NOH 
> 


hc=noh 

I 

(CH0H)4 

CH20H 


AcjO 

NaOAc 


HC(NHC0CH3)2 

(CH0H)3 

I 

CH20H 


HOH 

(HjSO^) 


CN 

1 

HCOAc 


Ag(NHs)20H 
> 


1 

(CHOAc)3 

I 

CH2OAC 


CHO 

(CH0H)3 

CH20H 

d-Arabinose 


This procedure gives fair results with most of the monosaccharides, 
and Zempl^n later extended it to the disaccharides by replacing the 
arnmoniacal silver solution with sodium ethylate. In this manner 
Zernpl^m^** (1926) degraded the disaccharides cellobiose and lactose by 
one carbon atom. The next degradation method was developed by 
(1898) and is the one that has been the more successful for 
preparative purposes. It is a modification of the Fenton^ ^ (1893) 

« Wohl, Ber., 26, 730 (1893). 

Zempl^n, Ber., 69, 1254, 2402 (1926). 

«Rufr, Ber., 31, 1573 (1898). 

»8 Fenton, Proc. Chem. Soc., 9, 113 (1893). 
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reaction. The calcium salt of the sugar acid is treated with hydrogen 
peroxide in the presence of ferric ion, and degradation to the next lower 
aldose is effected. Weerman-^' (1918) developed a degradation method 
based upon the action of hypochlorite upon the amide of the sugar acid, 
but this extension of the old Hofmann reaction (p. 759) has not received 
much application. 

Having described the important procedures available to Emil 
Fischer, their use will be illustrated by indicating how they were applied 
in determining the structure of the five carbon aldoses or pentoses. 
Eight (2^) active forms are theoretically possible, and the d- and Z-forms 
of arabinose, xylose, lyxose, and ribose were the compounds eventually 
made known through the labors of the Fischer school and others. The 
possible configurations arc the four given (p. 1409) and their enanti- 
omorphs. 

Since arabinose and ribose give the same osazone and are conse- 
quently epimeric, they must be either (1) and (2) or (3) and (4). Lyxose 
and xylose likewise give identical osazones. Arabinose on nitric acid 
oxidation gives an optically active trihydroxyglutaric acid, hence 
arabinose can have only the configuration (2) or (4). Furthermore, 
arabinose with hydrogen cyanide and subsequent hydrolysis and oxida- 
tion gives two active dicarboxylic acids, and must therefore have the 
structure (2), as one of the acids derived in this way from (4) would be 
optically inactive by internal compensation. If (2) represents d-ar- 
abinose, then its enantiomorph represents Z-arabinose, and (1) must 
represent d-ribose. Xylose yields an inactive trihydroxyglutaric acid 
when oxidized and must then be represented by configuration (3), and 
hence lyxose is (4). Since Z-arabinose, when treated with hydrogen 
cyanide and the product hydrolyzed and reduced, yields a mixture of 
Z-glucose and Z-mannose, it follows that in these last two the spatial 
arrangement of their carbon atoms three to five, inclusive, is identical 
with that of Z-arabinose. This is confirmed by the fact that d-glucose 
produces d-arabinose on degradation by one carbon atom and thus 
d-arabinose is configurationally related to dextrorotatory or d-glucose. 

In the above reasoning no indication is given regarding which of 
the enantiornorphs of each pentose corresponds to the assigned num- 
bers. Fischer used d-glucose and the tartaric acids as his reference 
compounds, and this led to ambiguities in the gulose-idose aldohexose 
series which arose from Fischer^s naming the gulose obtained from 
d-glucose as the d-form. Rosanoff^® (1906) has shown that in order to 
obtain a solution of this problem which is free from ambiguities it is 

Weerman, Rec. trav. chim., 37, 16 (1918). 

3®Ro8anoff, J. Am. Chem. Soc., 28 , 114 (1906). 
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necessary to choose the aldose containing only one a83Tnmetric center 
as the ultimate reference substance. This substance is glyceraldehyde, 
whose d-form is represented empirically below. 

CHO 

I 

HCOH 

I 

CH2OH 


It is to be emphasized that the symbols d- and I- refer to configuration 
and not to sign of rotation, the conventions (dextro) and (levo) denoting 
the latter (p. 220). The symbol d,Z- will be used to indicate a racemic 
form and z- to denote the inactive and non-resolvable meso form. It is 
well known that d (dextro) -glucose is configurationally related to 
(levo)-fructose, both giving the same phenylosazone. Accordingly the 
common form of fructose is d(levo)-fructose. 

Rosanoff considered all the higher d-aldoses as being derived from 
d-glyceraldehyde by successive cyanohydrin syntheses. Accordingly an 
aldose belongs to the d-series when the hydroxyl group on the carbon 
directly attached to the end primary alcohol group is represented on the 
right in the stereochemical projection formula. The elaboration of the 
aldose series according to Rosanoff is given in Fig. 1. The conventional 
representation is that used by Rosanoff in which a horizontal line to the 
right indicates a hydroxyl group in that direction and the top circle 
represents the aldehyde group. These conventional representations may 
be rotated only in the plane of the paper. 

According to the Rosanoff classification, the same dibasic or sac- 
charic acid is obtained from d-glucose and Z-gulose. 


T II 

The representation of the saccharic acid from d-glucose is indicated by 
(I) and that from Z-gulose by (II). The latter when rotated 180® in the 
plane of the paper is identical with (I). The configuration symbol thus 
loses its significance in this one case, and the long-known compound 
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prepared by Scheele^® (1776) is then best represented merely as (dextro)- 
saccharic acid. 


O 


O 


o 


o 


dfdextro)- dfdextro)- dMextro)- ci(dextro)- dCdextro)- d(dextro)- d(levo)- d(levo)- 
Glucose Mannose Allose Altrose Galactose Talose Gulosc I dose 


V 


V 


V 


d(levo)- ddevo)- 

Arabinose Ribose 


d(levo) 


\/ 

o 



ddevo)- cZ(dextro)- 

Lyxose Xylose 


ddevo)- 

Threose 


Fig. 1. — d — Series of the aldoses 


Glyceraldehyde is a synthetic substance and is obtained in the 
racemic or d,Z-form. The problem of resolving glyceraldehyde and adding 
hydrogen cyanide to the optically active forms is extremely difficult. 
The Rosanoff classification is independent of the actual fulfillment of 
this step. However, this difficult work was finally accomplished by Wohl 
and Momber^® (1914 and 1917), and (dextro)-glyceraldehyde was 
related to (levo)-tartaric acid. The same (levo)-tartaric acid had been 
obtained by Maquenne"^^ (1901) from the oxidation of the threose 
formed by the Wohl degradation of natural d-xylose, and thus the hexose 


Scheele, cf. Buggc (Lockemann), “Das Buch der grossen Chemiker,” Verlag Chemie, 
Berlin (1929), Vol. I, p. 282. 

* The rotatory sign (doxtro) or (lov'o) refers to that of the equilibrated aqueous solution. 
W^ohl and Momber, Ber„ 47 , 3346 (1914); 60 , 455 (1917). 

Maquenne, Arm. chim. phys.^ [7] 24 , 399 (1901). 
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degradation methods met the cyanohydrin procedures at the tetrose 
stage. This leads to the designations d(dextro)-glyceraldehyde and 
d(levo)-tartaric acid. The assignment of the d-configuration to levorota- 
tory tartaric acid is of course contrary to the general usage of the terms 
d- and Z- for the tartaric acids, wherein these symbols are employed 
merely to denote the sign of rotation. 


d(levo)-Tartaric 

acid 

The results and significance of this work were incorporated in an impor- 
tant article by Wohl and K. Freudenberg^^' (1923). 

RING STRUCTURE AND TAUTOMERIC FORMS 

Introduction, licturning again to the central compound, d-glucose, 
which serves as the prototype of all its relatives, it is found that the 
rather involved discussion just completed has advanced the Kiliani 
formula of 

H H OHH 

CH 2 OH— (CH0H)4— CHO to CH 2 OH— C— C— C— C— CHO. 

OH OHH OH 

Fischer^^ (1893) next began to study further reactions of this polyhy- 
droxy aldehyde, and one of the problems he attacked was that of its 
behavior, under acetal-forming conditions, with methanol and hydrogen 
chloride. He obtained no true acetal but instead only one methyl group 
entered the molecule. The product w^as non-reducing but showed 
reducing properties after acid hydrolysis. In the following year Alberda 
van Ekenstein^^ (1894) isolated a second isomer from the same reac- 
tion. To explain such results, Fischer adopted the ring-structure for- 
mula for these derivatives which had previously been suggested by 
Tollens^^ (1883) for d-glucose. At the same time Fischer correctly 
insisted that the facts as then known did not warrant the extension of 
this ring structure to d-glucose itself. 

Wohl and FreiidenV)erg, Ber., 56 , 309 (1923). 

Fischer, Ber., 26 , 2400 (1893). 

Alberda van Ekenstein, Rec. trav. chim., 13 , 183 (1894). 

« Tollens. Ber., 16 , 921 (1883). 
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The two isomeric methanol condensation products of glucose were 
named by Fischer a-methyl-d-glucoside ([a]D + 159°) and /S-methyl-d- 
glucoside ([ajn — 34°), and the structures assigned were: 


H OCH 

\ / 

C 


HCOH 

1 

HOCH 

I 

HCO— 


HCOH 

I 

CHaOH 


CH3O H 

\ / 

C 


HCOH 

I 

HOCH 

I 

HCO— 


HCOH 

I 

CH2OH 


These formulas represent inner cyclic acetals, and carbon one has 
become asymmetric, thus accounting for the two isomers. Being com- 
pounds of the acetal type, they arc stable toward alkali but are hydro- 
lyzed by acids. Fischer placed the ring closure on the fourth carbon, 
by analogy with the y-lactones. This was an arbitrary assumption 
which later proved to be incorrect. 

This classical work of Fischer conhrmcd previous indications that a 
ring-structure jissigninent wiis needed for other derivatives of glucose. 
Thus, Colley‘S* (1870) had suggested a ring structure to explain the 
reactions of a crystalline acctonitroglucose, and A. Michael^' (1879) 
had synthesized a phenol glucoside. Skraup^® (1889) had decided that 
glucose pentabenzoate contained no free aldehyde group, and finally 
Franchimont'**’ (1879; 1892) and Erwig and Koenigs®® (1889) had used 
this structure to explain the known isomeric pair of glucose pentaace- 
tates. 

Mutarotation. The extension to d-glucose of the ring structure 
clearly required by these methylglucosides involves a consideration of 
the phenomenon of mutarotation (p. 221). Dubrunfaut®' (1846) first 
observed that the optical rotation of a freshly prepared aqueous solution 
of glucose gradually fell to a constant value. This being about one-half 
of the original, he termed the phenomenon birotation. This property 

** Colley, Ann. ehim. phys., [4] 21, 363 (1870). 

" Michael. Am. Chem. J., 1, 305 (1879). 

“Skraup, Monatsh., 10, 401 (1889). 

« Franchimont, Ber., 12, 1940 (1879); Rec. trav. chim., 11, 106 (1892). 

“ Erwig and Koenigs, Ber., 22, 2207 (1889). 

•• Dubrunfaut, Compt rend., 23, 38 (1846). 
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is possessed by all sugars, which reduce Fehling’s solution, with the 
exception of some of the ketoses. However, the fall to a half value was, 
of course, only adventitious for glucose, and the name mutarotation as 
suggested by Lowry"'- (1899) is now used. Fischer, the experimentalist, 
did not concern himself with this rotation change other than merely to 
suggest that perhaps it was due to hydration. 

The experimental evidence required to interpret the mutarotation of 
glucose was furnished by Tanret^^ (1895) when he prepared two isomeric 
forms of d-glucose. One of these, (x-d-glucose, shows a rotation change of 
+ 113° — > + 52.5°; the other, /3-(f-glucose, +19° — > + 52.5°. They are 
thus mutually interconvertible into an equilibrium mixture. Tanret 
obtained the equilibrium mixture as peculiar mixed crystals which he 
thought were homogeneous, but other workers soon corrected this error. 
When a sugar crystallizes from solution, it separates almost entirely in 
that form which is the least soluble under the conditions, the solution 
equilibrium then shifting to produce more of this isomer. The prepara- 
tion of a sugar in its crystalline a- and i3-forms thus becomes a difficult 
matter as it is necessary to find conditions under which each form will 
crystallize. Such conditions have been realized with only a f('W of the 
sugars. When the rotation of one form is known, the rotation of the 
other may be calculated by solubility relations according to a method 
developed by Hudson*^'^ (1904) and by Lowry'''^ (1904). When 
a-d-glucose dissolves in water containing alcohol the solubility of this 
initial form, quickly attained, is measured. There then results a slow 
increase in solubility, appearing at a rate equal to that of the speed of 
mutarotation. The equilibrium solubility thus measures the combined 
concentrations of a- and /3-forms, and the rotation of the /S-form may be 
calculated. It is necessary, of course, to maintain an excess of the 
a-form in the solid phase in order to keep its solubility constant. This 
method depends upon the presence in the equilibrium mixture of only 
two forms in appreciable amount. When the method was applied to 
sugars which were accessible both in the a- and in the /3-forms, the 
expected results were obtained. The /3-isomer of d-mannose was the 
first known form of this sugar, and when Levene^® (1923) succeeded in 
preparing the a-isomer, its rotation was in agreement with that calcu- 
lated by Hudson and Yanovsky^^ (1917). 

The kinetics of sugar mutarotation have been extensively studied 

Lowry, J. Chem. Soc., 76, 211 (1899). 

Tanret, Bull. soc. chim., [3] 13, 728 (1896). 

Hudson, J. Am. Chem. Soc., 26 , 1065 (1904). 

“ Lowry, J. Chem. Soc., 85, 1561 (1904). 

«« Levene, J. Biol. Chem., 57, 329 (1923); 69, 129 (1924). 

Hudson and Yanovsky, J. Am. Chem. Soc., 39 , 1013 (1917). 



CARBOHYDRATES I 


1415 


by many workers, among whom Hudson, Lowry, Osaka, and Riiber 
have been outstanding. The course of the optical rotation change in 
general follows the unimolecular law. An equation for calculating the 
velocity constant has been developed which does not require a knowledge 
of the molecular rotation of the second form. 

kx 

a-form ^ iS-form 
k2 

1 7* ““ T 

K= ki + k 2 = 7 log , wherein K is the resultant velocity 

t 'f't Too 

constant; ki and k 2 are the velocity constants of the two opposing reac- 
tions; t = time; ro = initial rotation; r^o = final rotation; rt = 
rotation at time t. 

For d-glucose, Hudson and Dale-*® (1917) found the value ki + 

= 0.00625 in water at 20° (minutes and decimal logarithms). This 
constant is identical for both forms of the sugar. The velocity of mutaro- 
tation is greatly accelerated by acids and bases, and this point was 
studied thoroughly by Osaka and by Hudson. The correct relation for 
this effect was given by Hudson*^® (1907) for d-glucose in water in the 
form : 

A" = 0.0096 + 0.258 [H+] + 9750 [OH”] 

This equation indicates that the acceleration of mutarotation by hydro- 
gen and hydroxyl ions is directly proportional to their concentration and 
that the catalytic activity of hydrox-yl ions is about 40,000 times as 
great as that of hydrogen ions. From the constant terms in the above 
ec^uation and the velocity of mutarotation of glucose in pure water, 
Hudson^® (1909) calculated the dissociation constant of water as 1.0 
X 10 which is in good agreement with the values obtained by other 
methods. 

Lowry has shown that mutarotation is not effected without a 
catalyst and that both a proton donor and acceptor are required. He 
has also shown that the phenomenon of mutarotation is not confined 
to the sugar group and that only an amphoteric solvent, such tis water, 
is a true catalyst for mutarotation. Lowry and Faulkner (1925) 
showed that the mutarotation of tetramethylglucose (p. 1422) could 
be arrested in a pyridine (weak base) solution and in a cresol (weak 
acid) solution, but a mixture of these two solvents gave a velocity twenty 

Hudson and Dale, ibid., 39. 320 (1917). 
w Hudson, ibid., 29. 1572 (1907). 

Hudson, ibid., 81. 1136 (1909), 

Lowry and Faulkner, J. Chem, Soc., 127, 2883 (1925). 
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times as great as that of water. Lowry terms mutarotation a proto- 
tropic change and attributes it to a proton shift in which the solvent 
plays a part. He interprets the change of an a- to a /3-sugar as passing 
through an intermediate acyclic form (in water, the aldehydrol). 


H 


OH 


OH 


\ / 


HC 


\ 

\ 

0 

1 

OH 


HO H 

V 


The deviation from the monomolecular law of the first part of the 
galactose mutarotation curve lends itself to this interpretation, and 
Smith and Lowry (1928) have treated the data from the standpoint 
of a three-membered equilibrium. Evidence that more than two forms 
of a sugar are involved in mutarotation phenomena has also been 
obtained by Riiber^^ (1922 on) from studies of changes in volume and 
refractivity of sugar solutions undergoing mutarotation. 

Finally, it may be states 1 that the problem of why the majority of the 
ketoses do not exhibit mutarotation is still unsolved. 

a-, /3-Isomerism. The preceding discussion of the phenomenon of 
mutarotation certainly establishes the fact that d-glucose, in common 
with all the rnutarotating sugars, exists in at least two isomeric forms, 
the ordinary or a-d-glucose and the second or /3-d-glucose. E. F. Arm- 
strong®^ (1903) was able to relate these two forms of glucose to the two 
methylglucosides of Fischer by means of a very simple and beautiful 
experiment. Fischer®® (1894) had found that a-methylglucoside was 
hydrolyzed by the enzyme maltase and the /3-Lsomer by emulsin. 
Armstrong simply observed these enzymatic hydrolyses polarirnetrically 
and established the fact that the a-glucoside liberated initially the 
higher rotatory form of glucose and the /3- the lower or /3-glucose. 
Behrend and Roth®® (1904) also related a- and i3-glucose to the two 
known glucose pentaacetates by acetylation with pyridine and acetic 
anhydride at 0°. a-Glucose produced a-glucose pentaacetate ([aju 
+ 102°, CHCI3) and i3-glucose yielded the i3-pentaacetate (Hd + 4°, 
CHCI3) . Thus the presence of a ring structure in d-glucose was estab- 
lished. There remained the problem of establishing upon good experi- 

Smith and Lowry, ihid., 666 (1928). 

Riiber, Tids. Kjemi Bergvesen, 12, 227 (1932) [C.A., 27, 958 (1933)], summarizing 
paper. 

Armstrong, J. Chem. Soc., 83 , 1305 (1903). 

Fischer, Ber., 27, 2985 (1894). 

Behrend and Roth, Ann., 331 , 359 (1904). 
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mental evidence two points: first, the point of ring closure; and second, 
the configuration of carbon one. The first was soon forgotten and was 
revived only much later. The second point is very difficult and has not 
been satisfactorily solved at the present date. Boeseken®^ (1913) made 
an attempt to solve this question of the space position of the groups 
attached to carbon one. This was based upon his observations regarding 
the effect of the constitution of hydroxy compounds on the electrical 
conductivity of boric acid solutions — namely, that a cis configuration 
in a glycol produced a complex with boric acid which was a stronger 
acid than that produced by the trans isomer. The conductivity of 
a-glucose in the presence of boric acid decreases during mutarotation 
as it is converted in part into /3-glucose; the reverse is true of /3-glucose. 
The velocity of this change parallels that of the mutarotation. Accord- 
higly a-glucose was given the formula: 

1 HCOH 

I 

2 HCOH 

I 

3 HOCH 

4 HCO 

I 

5 HCOH 

I 

6 CH 2 OH 

The numbering in the above formula indicates the customary" method 
of designating the individual carbon atoms of a monosaccharide, the 
numbering beginning from the top or reducing portion of the molecule. 
With a ketose the carbonyl carbon is carbon two. 

Hudson (1909) has given an empirical rule for designating a-, /3- 
isomers. Of an a-, /3-pair of sugars in the d-seri(‘s, he terms the a- 
that one which has the higher dextro rotation and assigns the hydroxyl 
to the right. 

H OH HO H 

\ 


a- /y- 

The reverse of course holds for the i-series, the enantiomorph of a-d- 

Boeseken, Ber., 46 , 2612 (1913). 

“Hudson, J. Am. Chem. Soc., 31 , 66 (1909). 
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glucose being designated a-Z-glucose. There is a need for the determina- 
tion of the configuration of carbon one in the sugars by direct chemical 
methods, and the indications are that this may soon be accomplished by 
the application of new oxidizing agents to the sugar series. 

The knowledge of the a-, /^-isomerism of sugars and their derivatives 
which is now available is due mainly to the work of Hudson and his 
co-workers. Hudson and Yanovsky®^ (1917) measured the rotation 
values of the unknown forms of the sugars by the maximum solubility 
method, but Hudson turned to the acetates of the sugars for a more con- 
venient and richer source of pure a-, /3-isomers. The dextro or a-glucose 
pentaacetate had been prepared by Franchimont^^ (1879; 1892), and 
the /3- by Erwig and Koenigs^ ^ (1889). They have the following 
structures, in which the ring assignment was demonstrated later by 
methods yet to be described. 


H^^/OAc 

HCOAc 
AcOCH 
HCOAc 
HCO 

I 

CH2OAC 

o-<i-Glucose 

pentaacetate 


AcOv /H 

1 

I 

HCOAc 

I 

AcOCH 
HCOAc 
HCO 

I 

CHzOAc 

/3-</-Glucose 

pentaacetate 


The methylglycosides (glycose referring to any sugar) and their acetates 
were also included in Hudson^s studies. 

It will be of interest to describe briefly the methods used in obtaining 
isomeric sugar acetates. When the two crystalline forms of a sugar 
are known, the previously cited Behrend acetylation at 0° with pyridine 
and acetic anhydride serves admirably. The /3-isomer (for the d-series) 
is obtained by acetylation of either form of the free sugar with hot 
acetic anhydride and sodium acetate. The /3-isomer is transformed to 
the a-form by heating with acetic anhydride and zinc chloride, a reac- 
tion due to Erwig and Koenigs (1889) but correctly interpreted and 
greatly extended by Hudson. 

Hudson and Yanovsky, ibid., 39, 1013 (1917). 

Franchimont, Ber,, 12, 1940 (1879); Rec. trav. ckim., 11, 106 (1892). 

Erwig and Koenigs, Ber., 22, 2207 (1889). 

Hudson and Dale, J. Am. Chem. Boc,, 87, 1267 (1915). 
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a-<i-glucose 


AC2O 

> 

pyridine 


a-d-glucosc pentaacetate 


/3-(i-glucose 


AC2O 

NaAc 


AC2O 

ZnCl2 


AC2O 

> /3-d-glucose pentaacetate 

pyridine 


Rules of optical Rotation. Hudson became greatly interested in a 
study of the numerical values of optical rotations, being espc^cially com 
cerned with testing the van’t Hoff theory of optical superposition in the 
sugar group. He^*^ (1909) developed two rules which he termed the 
rules of isorotation. If the rotation contributed by carbon one is termed 
A and that of the remaining asymmetric centers B, then the molecular 
rotations will be: 

for the a-form (d-series), A + B 
/3-form , — A + B 


It follows from the above that in an a-, /3- pair of isomers, the sum (2B) 
of their molecular rotations will be a constant (rule 1) characteristic 
of the particular sugar, and the difference (2A) will be a constant 
(rule 2) characteristic of the nature of the hydroxyl group or substituted 
hydroxyl on carbon one. These modified rules of optical superposition 
apparently do not have a rigid general application but hold remarkably 
well with many closely related structures, as is illustrated in Tables 
I, II, and III (pp. 1420 and 1441). 

Having briefly discussed Hudson^s rules of isorotation, a number of 
other rules based upon optical properties may be cited. Hudson 
(1910) observed that, in the ordinary 7-lactones of the aldonic acids, the 
sign of rotation of the lactone was determined by the spatial configura- 
tion of the asymmetric center (carbon four) where lactonization took 
place. If carbon four was (+), hydroxyl on the right, then the lactone 
was dextrorotatory; and if carbon four was ( — ), hydroxyl on the left, 
then the lactone showed a levorotation. Levene"^ (1915) obtained 
evidence to show that when carbon two in a sugar acid is (+), then the 
ion (rotation of the salt) is more dextrorotatory than the slightly dis- 
sociated free acid, and vice versa. It was also noted that the sign of 
rotation of the phenylhydrazides of the sugar acids was determined by 
the sign of carbon two: when this was (+) the hydrazide was dextroro- 

” Hudson, J. Am. Chem. Soc., 31 , 66 (1909). 

Hudson, ibid., 32, 338 (1910). 

Levene, J. Bid. Chem., 23 , 145 (1916). 
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TABLE I 

Optical Rotations of Acetylated Sugars in Chloroform 


Substance 

Molecular 
Rotation 
of a-form 

Molecular 
Rotation 
of /3-form 

2A 

(Differ- 

ence) 

2B 

(Sum) 

i-Arabinose tetraacetate * 

+ 13,500° 

+46,800° 

-33,300 

+60,300 

d>Xylose tetraacetate 

+28,300 

-7,900 

+36,200 

+20,400 

d-Glucosc pentaacetatc 

+39,600 

+ 1,500 

+38,100 

+41,100 

d-Mannose pentaacetatc 

+21,500 

-9,800 

+31,300 

+ 11,700 

d-Galactose pentaacetatc 

+41,700 

+9,000 

+32,700 

+60,700 

d“[a-Glucoheptose] hexaacf'tate 

+40,200 

+2,200 

+38,000 

+42,400 

cZ-Glucosamine pentaacetate 

+36,400 

+470 

+35,930 

+36,900 

d-Chondrosamine pentaacetatc 

+39,400 

+4,100 

+35,300 

+43,500 

Cellobiose octaacetatc 

+27,800 

-9,900 

+37,700 

+ 17,900 

Gentiobiose octaacetate 

+35,500 

-3,600 

+39,100 

+31,900 

Lactose octaacetate 

+36,500 

-2,900 

+39,400 

+33,600 

Maltose octaacetate 

+83,000 

+42,500 

+40,500 

+ 125,500 


* The negative sign of 2A is due to this being an /-sugar. 


TABLE II 

Optical Rotations of Acetylated Methylolycosides in Chloroform 


Substance 

Molecular 
Rotation 
of a-form 

Molecular 
Rotation 
of /^/-form 

2A 

(Differ- 

ence) 

MethyW-xyloside triacetate 

+ 34,7(X)° 

-17,600° 

+52,300 

Methyl-d-glucoside tetraacetate i 

+47,300 

-6,600 

+53,900 

Methyl-fl-galactoside tetraacetate 

+48,400 

-5,100 

+53,500 

Methylgentiobioside heptaacetate 

+41,900 

-12,350 

+54,250 

Methylcellobioside heptaacetate 

+36,200 

-16,500 

+52,700 

Methyl-d-guloside tetraacetate 

+35,200 

-11,600 

+46,800 

Methyl-d-[a-glucoheptoside] pentaacetate 

+39,500 

-6,900 

+46,400 

Methyl-d-mannoside tetraacetate 

+ 17,800 

-18,100 

+35,900 

Methyl-?-rhamnoside triacetate * 

-16,300 

+ 13,900 

-30,200 


* Measured in acetylene tetrachloride solution. 


tatory, and vice versa. This is known as the hydrazide rule of Levene and 
Hudson. Hudson (1918) found that it applies likewise to the sugar 
amides, and Deulofeu’’^ (1933) lias shown that it also applies to the 

Hudson, J. Am. Chem. Soc., 40 , 813 (1918). 

Deulofeu, Nature, 131 , 548 (1933). 
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acetylated nitriles of the sugar acids. These rules are of a more qualita- 
tive nature than the isorotation rules and have found wide application. 
In particular, the lactone rule of Hudson has been of great value. For 
example, Clark (1922) determined the configuration of carbon five in 
the methylpentose Wucose (p. 1450) by a clever application of this 
rule. Anderson’'^ (1912) has shown that jS-d-metasaccharonolactone 
(p. 1516) rotates slightly to the left ( — 4.7°) and is in disagreement, 
therefore with the relation between rotation and structure because its 
7 -ring is to the right of the structure. As Anderson points out, however, 
jS-saccharonic acid is strongly levorotatory, and the change of rotation 
due to lactone formation is in the direction called for by theory. The 
same explanation probably holds for the small levorotation of d-allonolac- 
tone ( — 6.8°), which is in the opposite direction to that indicated by 
theory. 

Establishment of the Pyranose Ring Structure. In 1915-1916 
Hudson and his co-workers Parker and Johnson were investigating 
the a- and /3-p<‘ntaacetates of d-galactose and obtained four crystalline 
isomers, corresponding with two a-, /3-pairs. This represented excellent 
evidence, based upon cr>"stalline derivatives, that more than one ring 
form could exist in a sugar and could be explained on the basis of ring 
closure on different carbon atoms. Similar compounds were not obtained 
in the glucose series until 1927 when Schlubach and Huntenburg®^ 
added the third and fourth pcmtabenzoates of d-glucose to the two 
previously prepared by Skraup®- (1889) and by Fischer and co-workers 
(1911; 1912). Sugar benzoates are rather difficult to purify, and Levene 
and Meyer (1928) were able to change considerably the constants 
given by Fischer and by Schlubach for these compounds. 

The determination of the size of the oxide ring in sugar derivatives 
lijus been accomplished by means of methylation studies. Purdie had 
developt'd a workable method for obtaining methyl ethers of hydroxy 
acids, which consisted in reacting the alcoholic substance with methyl 
iodide and silver oxide. In 1903 Purdie and Irvine published the 
results of their extension of this reaction to a-methyl-d-glucoside. A 
pentamethyl derivative was obtained which could be distilled in a good 

Clark. J. Biol. Chem., 64. 65 (1922). 

Anderson, J. Am. Chem. Soc., 34, 51 (1912). 

Hudson and Parker, ibid.^ 37, 1589 (1915); Hudson and J. M. Johnson, ibid., 38, 
1223 (1916). 

Bchlubnoh and Huntonburg, Ber., 60, 1487 (1927). 

*2 Skraup, Monatnh., 10. 395 (1889). 

Fischer and Helferich, Ann., 383, 68 (1911) ; Fischer and K. Freudenberg, Ber. 45, 
2724 (1912). 

** Levene and Moyer, J. Biol. Chem., 76, 513 (1928). 

Purdie and Irvine, J. Chem. Soc., S3, 1021 (1903). 
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vacuum and which on hydrolysis lost the glycosidic (carbon one) methyl 
group and produced a crystalline tetramethylglucose. The latter fact 
was indeed fortunate, as this substance still remains one of the few 
methylated sugars which crystallizes with any ease. In this derivative 
the hydroxyl groups are blocked with stable ether groups, and many 
results could now be obtained which were not possible with substituents 
less resistant to chemical action. 
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An alternative methylation procedure applicable to the sugar 
series is that employing methyl sulfate and alkali. This general method 
was perhaps first recorded in the scientific journals by Pschorr and 
Dickhauser^® (1911); it was applied to the methylation of cellulose by 
Denham and Woodhouse®^ (1913); and was shown to be suitable for 
the methylation of glycosides by Haworth®® (1915). 

Pschorr and Dickhauser, Ber., 44 , 2633 (1911). 

Denham and Woodhouse, J. Chem, Soc., 103 , 1735 (1913). 

Haworth, ibid., 107 , 13 (1915). 
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Tetramethylglucose is a substance which can be oxidized, and from 
a study of its oxidation products the point of ring closure may be 
ascertained. Hirst®® (1926) oxidized tetramethylglucose with nitric 
acid and identified the acids formed by means of their crystalline 
diamides. He identified ^-trimethoxyxyloglutaric acid and (dextro)- 
dimethoxysuccinic acid among the oxidation products and thus estab- 
lished the fact that the ring closure in tetramethylglucose was on carbon 
five. The diamide of this methylated tart.aric acid had been previously 
characterized by Purdie and Irvine®® (1901). 
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Since Armstrong had related a-d-glucose to a-methylglucoside, then 
a-glucose itself has the same ring structure as tetramethylglucose, 
provided no ring shift occurred during the methylation process. Since 
/5-methylglucoside likewise yields the same tetramethylglucose, then 
a- and /3-glucose have the same ring structure. This is variously denoted 
as (1,5-), amylene oxidic, nonnal or pyranose. The hist name was 
suggested by Haworth and is preferable. Accordingly, the ordinary 
crystalline form of glucose is accurately named a-d-gluoopyranose and 
has the following structure : 

»» Hirst, iUd., 350 (1926). 

90 Purdie and Irvine, i6id., 79 , 960 (1901). 
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Haworth correctly considers that the true spatial relationships are 
better shown by a hexagonal formula, and this type of representation has 
been widely adopted, especially for depicting the disaccharide and 
polysaccharide molecules. Cox has obtained x-ray evidence in support 
of such a ring. 

CHvOH 



Establishment of the Furanose Ring Structure. The pyranose ring 
structure established for a- and jS-d-glucose has been extended to other 
sugars, and it has been determined that the normal or ordinary forms 
of the sugars and their derivatives possess the pyranose ring. Other 
ring structures are possible, however. In 1932 Haworth^ ^ reported the 
synthesis of a third crystalline methylglucoside which contained a 
(1,4-) or furanose ring. Substances containing this unstable ring have 
also been termed butylene oxidic or 7 -sugars. In place of the name ring, 
the term lactol has been suggested by Helfcrich, this name being analo- 
gous to lactone. As the above glucofuranoside was synthesized from 
monoacetoneglucose, it is necessary to dign^ss sufficiently to discuss the 
structure of this ketone condensation product of glucose. In working 
with the sugar alcohols, Meunier^^^^' (1888) had characterized them as 
their benzal derivatives, in which the b(mzaldehyde had undergone 
acetal formation with the polyhydroxy sugar alcohol to fonn a cyclic 
acetal. This reaction is general for polyhydroxy compounds and is 
effected by treatment of the substance with the aldehyde or ketone in 
the presence of a dehydrating agent such as zinc chloride or sulfuric 
acid. In 1895 Fischer obtained a crystalline derivative of glucose in 
which two moles of acetone had reacted with the glucose. This sub- 
stance is known as diacetoneglucose, and on graded acid hydrolysis, 

Haworth, Porter, and Waine, ibid., 2254 (1932). 

Meunier, Compt. rend., 106 , 1425 (1888). 

Fischer, Ber., 28 , 1165 (1896). 
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crystalline monoacetoneglucose is formed. The structure of these 
two compounds has been the subject of a number of investigations. 

Irvine and Scott^^ (1913) methylated diace toneglucose, and after 
removal of the acetone groups they obtained a beautifully crystalline 
monomethylglucose which formed a crystalline monomethyl phenylosa- 
zone. They also obtained a syrupy trimethylglucose from monoacetone- 
glucose. Neither of the two unsubstituted acetoneglucoses reduces 
Fehling’s solution. These facts place the acetone group of monoacetone- 
glucose on positions one and two. Levene and Meyer ^ (1922) oxidized 
this monomethylglucose with nitric acid and obtained a crystalline 
rnonomethylglucosaccharolactone, thus eliminating positions one and six 
for the methyl substituent. 

The allocation of position three for the optm hydroxyl of diacetone- 
glucose was made by K. Freudenberg and by levene through the use of 
entirely different methods of proof. K. Freudemberg and Doser^^^ 
(1923) converted diacc^toneglucose to the previously known 3-pyrazole- 
carboxylic acid through the following steps, all products being crystal- 
line. 
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Levene and Meyer (1924) converted the monomethylglucose of 
Irvine and Scott to a crystalline monomethylglucoheptonolactone 
through the cyanohydrin reaction. This lactone was dextrorotatory 
(+48°) whereas the lactone of d-a-glucoheptonic acid is levorotatory 
(—56°). Therefore, in accordance with Hudson’s lactone rule, the 

Irvine and Scott, J. Chetn. Soc., 103 , 570 (1913). 

Levene and Meyer, J. Biol. Chem., 34 , 805 (1922). 

Freudenberg and Doser, B<r., 66, 1243 (1923). 

Ijevene and Meyer, J. Biol. Chem., 60 , 173 (1924). 
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single ( — ) carbon (hydroxyl on left) of glucose is occupied by a methoxyl 
group in the monomethylglucose, and this (~) carbon atom is known to 
be number three. Levene and Simms®® (1925) showed that the above 
4-methylglucoheptonolactone was an unstable or 5-lactone. 

The above work gives the structure of the first three carbons of 
diacetoneglucose, but does not establish the nature of the remainder. 
Levene and Meyer®® (1926), and also Micheel and Hess^®® (1926), 
further methylated the syrupy trimethylglucose obtained from monoace- 
toneglucose and obtained a ring isomer of tetramethylglucopyranose. 
The furanose nature of this ring was proved definitely by Anderson, 
Charlton, and Haworth i®^ (1929) by oxidation to 2,3,5,6-tetramethyl- 
gluconic acid, isolated as its crystalline y-lactone and crystalline phenyl- 
hydrazide. The fact that the acetone group of monoacetoneglucose is 
I placed on carbon atoms one and two was established beyond doubt by 
the isolation of a crystalline trimethylglucose phenylosazone of the tri- 
' methylglucose by these workers. Accordingly, it is now apparent that 
in diacetoneglucose, positions one and two carry an acetone group; three 
is open, and the lactol ring is on carbon four. This leaves positions five 
and six for the second acetone group. It is of interest that a furanose 
(1,4-) derivative is thus directly obtained from an acid solution of 
glucose. 
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The above proof of structure does not involve the unwarranted 
assumption that acetone reacts only with hydroxyl groups that are 
adjacent. This assumption has been definitely disproved by the 
thorough studies of Hibbert and co-workers on glycerol cyclic acetals. 
He has shown that a partition is established between the five- and six- 
membered cyclic acetals. This variation in ring size has a bearing on 


** Levene and Simms, tfrid., 66 , 31 (1925). 

Levene and Meyer, tbtd., 70 , 343 (1926). 

300 Michoel and Hess, Ann., 450 , 21 (1926). 

Anderson, Charlton, and Haworth, J. Chem. Soc., 1329 (1929). 
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sugar lactol structure, as sugar lactols are really five- and six-membered 
cyclic hemiacetals, 

Monoacetoneglucose is a non-reducing structure in which the 
furanose ring is stabilized. By reacting this substance (I) with phos- 
gene, Haworth and Porter^ (1929) obtained a crystalline 5,6-carbonate 
of monoacetoneglucose (II). The structure of this substance was proved 
by converting its p-toluenesulfonate into the known p-toluenesulfonate 
of diacetoneglucose. In this mixed carbonate and cyclic acetal of 
glucose, Haworth possessed a compound wherein the acetone group was 
sensitive to acidity and stable to alkali, whereas the carbonate ester 
group had the reverse reactivity. Reaction of this substance (II) with 
methanol and hydrogen chloride resulted in the loss of the acetone group 
and formation of the crystalline a- and /3-methylglucofuranoside-5,6- 
carbonates (III), the furanose ring structure being meanwhile stabilized 
by the carbonate group. These were separated, and mild saponification 
produced the glucofuranosides (IV), of which only the a-form was 
obtained crystalline. This work was completed by Haworth, Porter, 
and Waine^^^ in 1932. In the case of the similar ethylglucofuranosides, 
Haworth and Porter (1929) succeeded in obtaining both a- and in- 
forms in crystalline condition, the separation being effected through 
fractionation of their crystalline 5, 6-carbonate-2, 3-diacetates. 
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These furanosides are characterized by their ease of hydrolysis with 
acids, and the ring is accordingly very labile. They are not affected 
by dilute pennanganate or by Fehling's solution. Previous statements 
that such behavior was characteristic of 7 -glycosides were thus shown 
to be in error, easily oxidizable impurities being present in the older 
syrupy preparations. 

Complete methylation of a-methylglucofuranoside followed by 
hydrolysis of the glycosidic methyl group produces the syrupy tetra- 

Haworth and Porter, tbtd., 2796 (1929). 

Haworth, Porter, and Waine, thid., 2254 (1932). 

Haworth and Porter, ibid., 2796 (1929). 



1428 


ORGANIC CHEMISTRY 


methylglucofuranose or 7 -tetramethylgIucose. This is a poorly char- 
acterized substance, but on oxidation with hypobromite it nevertheless 
forms a crystalline lactone, which in turn may be converted to a crystal- 
line phenylhydrazide. Nitric acid oxidation of this lactone by Haworth, 
Hirst, and Miller (1927) yielded (dextro)-dimethoxysuccinic acid, 
isolated as the crystalline amide and methylamide. 
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The a- and / 3 -glucofuranose pentabenzoates of Schlubach are well- 
characterized crystalline derivatives of glucofuranose. Their structure 
follows from their method of preparation from monoacetoneglucose, in 
which the furanose ring is established by the experiments previously 
cited. Fischer and Rund^^^ (1916) had benzoylated monoacetoneglu- 
cose and selectively hydrolyzed the acetone group with hydrochloric 
acid, thus producing the tribcnzoate, which w as isolated as a crystalline 
carbon tetrachloride addition compound. Fischer w^as merely interested 
in obtaining a partially benzoylated sugar and of course was unaware 
that he had in hand a glucose derivative containing an unusual ring. 
The contribution of Schlubach (1927) was to benzoylate this sub- 
stance further and to separate and isolate the two isometric pentaben- 
zoates thus formed. 

The methods used for obtaining benzoylated sugars may be briefly 
mentioned. By means of the Schotten-Baumann method using dilute 
alkali and benzoyl chloride, Kueny ^ (1890) and other workers obtained 

some of the first acylated sugars. The difficulty with this method 
when applied to the sugars was that mixtures of partially benzoylated 
structures were generally formed. To obtain complete benzoylation 
of a sugar, Fischer (1912) used successfully benzoyl chloride and 
quinoline. This procedure was later improved by substituting pyridine 
for the quinoline. 

Haworth, Hirst, and MiUer, ibid., 2436 (1927). 

Fischer and Rund, Ber., 49 , 100 (1910). 

Schlubach and Huntenburg, Ber., 60, 1487 (1927). 

108 Kueny, Z. physiol Chern,, 14 , 333 (1890). 

^00 Fischer and K. Freudenberg, Ber., 46 , 2724 (1912). 
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Tetramethylglucofuranose had been prepared in 1915 by Irvine^ 
and his students through niethylation and subsequent hydrolysis of the 
so-called 7 -niethylglucoside obtained by Fischer^ in 1914 and recog- 
nized by him as a ring isomer of the ordinary or normal methylglucosides. 
This 7 - (called by the German workers /i- for hetero) methylglucoside is 
the impure syrupy mixture which arises when glucose is allowed to react 
with methanol at room temperature in the presence of a considerable 
concentration of hydrogen chloride. This reaction is a general one for 
the reducing monosaccharides and the 7 -glycosides so obtained are all 
characterized by their ease of hj^drolysis. Some of the normal gl 3 'Cosides 
are likewise formed in the reaction, and Levene, Raymond, and Dillon^ 
(1932) have obtained data to show that the 7 -glycosides are produced 
initially and then rearrange in part, under the experimental conditions, 
to form the more stable pyranosides. It is probable that this is not a 
true rearrangement but is a hydrolysis followed by glycopyranoside 
formation. Very few crystalline isomers have been isolated from these 
7 -methylglycoside syrups. Purves and Hudson^ (1934) have isolated 
a crystalline isomer from the reaction product with fructose, and 
Haworth^ (1930) obtained crystalline a-methylmannofuranoside 
from mannose after he had obtained nuclei by an extension to man- 

Irvine, Fyfe, and Hogg, J. Chem. Soc., 107 , 624 (1915). 

“I Fischer, Ber., 47 , 1982 (1914). 

Levene, Raymond, and Dillon, J. Biol. Chem., 95 , 699 (1932). 

Purves and Hudson, J. Am. Chem. Soc., 56 , 708 (1934). 

Haworth, Hirst, and Webb, J. Chem. Soc., 651 (1930). 
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nose^^^ of his carbonate work, so successfully used in obtaining the 
pure methylglucofuranoside. A fortunate point with mannose is that 
this sugar tends to form only one glycoside, the a-, and so the number 
of possible isomers present in the syrupy 7 -methylmannoside was accord- 
ingly decreased. All the methylated furanose sugars so far obtained 
through these 7 -glycosides have been syrups. In the partially sub- 
stituted sugar series, a crystalline 5-methyl-Z-rhamnofuranose has been 
prepared. ^ ^ 

Lactone Studies Related to the Determination of Sugar Ring 
Structure. Any discussion of ring structure in the sugar series would 
be incomplete without a consideration of the supporting evidence ob- 
tained from the study of lactones. It has been mentioned how the early 
known 7 -lactones of the sugar acids were important in synthetic work 
and also how a statistical study of their rotatory power led to the 
establishment of the lactone rule of Hudson. Some confusion entered 
this field when Nef and Hedenburg^ in 1914 isolated a second crystal- 
line lactone of gluconic acid and also a second of mannonic acid. It was 
obvious that one lactone in each of the two pairs was not a 7 -lactone. 
Of the two lactones, one was much more unstable than the other, and 
this unstable form was apparently the one which was not the 7 -lactone. 

In 1925 ^ ^ ^ Levene and Simms published a very important paper in 
which they showed clearly that, when a free aldonic acid was liberated 
from an aqueous solution of its salt by the addition of one equivalent of 
mineral acid, lactonization took place in two stages. The first was a very 
rapid formation of an unstable lactone, followed by the slow formation 
of the stable 7 -lactone and the disappearance of the unstable lactone. 
The final equilibrium mixture apparently contained the 7 -lactone in 
equilibrium with the free acid. This reminds one of the results obtained 
later by Levene, Raymond, and Dillon in their studies of methylglyco- 
side formation. 

Levene and Simms^^^ (1925) applied this procedure to the two 
methylated mannonic acids. The one acid (I) was obtained from the 
crystalline methylation product of the stable mannonic lactone and the 
other (II) by oxidation of normal tetramethylmannose. Acid II rapidly 
formed an unstable lactone in aqueous solution; acid I showed the slow 
formation of a stable, apparently (1,4-), lactone. The conclusion was 
reached then that normal tetramethylmannose and thus also the ordi- 
nary a-methylmannoside did not possess a (1,4-) ring but probably had 

Haworth and Porter, ibid., 649 (1930). 

Levene and Compton, J. Biol. Chem., 114 , 9 (1936). 

Ann., 403 , 322 (1914); Hedenburg, J. Am. Chem Soc., 37 . 346 (1915). 

Levene and Simms, J. Biol, Chem., 66 , 31 (1926). 
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a (1,5-) ring. In 1926,^^^ Levene and Simms extended this work to 
the glucose series with similar results. 
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* Levene and Simms, ibid., 68, 737 (1926). 
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There had now been obtained by Haworth and by Irvine two series 
of methylated reducing sugars. The first or normal forms were those 
obtained from the ordinary methylglycosides, and the oxidation evidence 
gradually accumulated to show that all had the pyranose structure. 
The other series of methylated sugars was the one obtained from the 
Fischer 7-methylglycosides and contained the furanose (1,4-) ring. 
When the methylated sugars of either series were oxidized, the lactones 
of the corresponding methylated aldonic acids could be obtained. Of 
the two tetramethylgluconolactones, the 7- (1,4-) is crystalline and the 
5- (1,5-) forms a crystalline phenylhydrazide. Their structures have also 
been determined by Haworth, Hirst, and Miller^ (1927) by nitric 
acid oxidation. 
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Haworth and his students ^ 20 (1926) studied the rate of lactone 
hydrolysis exhibited by the methylated aldonolactones. This was the 
reverse process of the one studied by Levcne and Simms. The results 
showed that the lactones obtained from the methylated aldoses of the 
y-methylglycoside series hydrolyzed very slowly and exhibited all the 
properties of y-lactones. On the other hand, the (1,5-) or fi-lactones 

Haworth, Hirst, and Miller, J. Chem. Soc., 2436 (1927). 

Charlton, Haworth, and Peat, ibid., 89 (1926). 
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obtained from the ordinary or normal methylglycoside series showed a 
high speed of hydrolysis. The behavior toward hydrolysis of the (1,4*) 
and (1,5-) oxygen rings in the methylated lactones of the aldonic acids 
is thus the reverse of that exhibited by the corresponding oxygen rings 
of like size when present in a methylglycoside structure. 



Fig. 2.* — Rates of hydrolysis of methylated lact/ones 


It is inferred that the unstable lactones of the unmethylated aldonic 
acids noted by Nef and Hedenburg and by Levene and Simms are also 
5-lactones. This inference is somewhat dangerous, as it involves rea- 
soning by analogy. It is supported, however, by the optical data 
obtained by Levene and Simms for galactonic acid, in which a dextroro- 
tatory lactone was formed first, followed by a levorotatory lactone. 
Now carbon atom five of d-galactonic acid is (+) and number four is 
( — ), so that, if Hudson’s rule may be extended to 5-lactones, the results 
are in harmony with a 5-structure. 
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A further use has been made of the divergent properties of the two 
types of aldonolactones in the direct determination of aldose ring 
structure. We have seen how the results of Armstrong allowed the 
pyranose structure of the normal methylglucosides to be extended to 
glucose itself. This proof was practically unique for d-glucose because 
of the specificity of enzymic action. It was tacitly assumed that the 
pyranose structures obtained by methylation of the methylgly cosides 
could be extended to the free sugars. This was somewhat obscured by 
the fact that the normal ’’ methylglycoside was the one produced by 
the apparently more vigorous methylglycosidic formation conditions, as 
has been noted. There was a nc^ed, then, for a more direct determination 
of the ring structures of the reducing sugars. This has now been given 
by the studies initiated by Hudson and IsbelH^^ (1932), and elaborated 
by Isbell, on the rapid oxidation of aldoses to aldonic acids by hypo- 
bromite. The n^sults showed that there was an immediate and prac- 
tically quantitative formation of the 5-lactone, and good proof was 
given that the free aldonic acid was not an intermediate. This procedure 
was also applicable to the available a- and /3-forms of the aldoses, and 
significant differences in the rates of oxidation of the a- and /S-isomers 
were noted. The data indicate that the ordinary forms of the sugars 
possess pyranose structures. 


HCOH 

I 

(CHOH);, 
CHO 


CHoOH 


c:=o 

I 

(CH0H)3 
CHO 


CH 2 OH 


A very interesting result obtained by IsbelP22 (1933) ^as that a 
calcium chloride compound of mannose, isolated by Dale'^-'* (1929), 
which showed a peculiar and very rapid initial rotatory change in 
solution, produced a 7-lactone on hypobromite oxidation. Apparently 
this calcium chloride compound of mannose then possesses a furanose 
ring structure. All the al)ove work on hypobromite oxidation rests on 
the premise that the unstable sugar lactones possess a S-structure and is 
uncertain to the extent that this premise is uncertain. 

Acyclic Sugar Structures. It has been seen how the original alde- 
hyde formula for d-glucose gave way to the lactol or cyclic hemiacetal 

Isbell and Hudson, Bur. Standards J. Research, 8, 327 (1932). 

*22 Isbell, J. Am. Chem. Soc., 66 , 216(1 (1933). 

>28 Dale, ibid., 61, 2788 (1929). 
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structure required to explain further isomerism. It became a matter of 
considerable interest, then, when in 1926 Levene and Meyer ^ obtained 
a pentamethylglucose which contained no ring in its structure. This was 
synthesized from glucose ethyl mercaptal. Although Fischer was unable 
to prepare an acetal of glucose, he succeeded in preparing a thioacetal or 
mercaptal by reacting glucose with ethyl mercaptan in concentrated 
hydrochloric acid solution^ (1894). Levene and Meyer methylated 
this crystalline substance and removed the thioacetal groups with 
mercuric chloride and water, obtaining the product as a syrup. This 
reaction was extended to galactose and mannose (1927). 

In 1929 Wolfrom^^^ obtained a crystalline open chain or aldehydo- 
pentaacetate of rf-glucose similar in structure to the above. The method 
used was a hydrolysis of the acetylated glucose ethyl mercaptal in dilute 
acetone solution by reaction with mercuric chloride in the presence of 
cadmium carbonate. 


/SEt 

HC< 

I ^SEt 
(CHOAc)4 


CdCOs 


HgCh -f ILO 
CH2OAC CH2OAC 


CHO 

I 

> (CHOAc) 4 + 2ClHgSEt + CdCl 2 + CO 2 


The substance readily formed a semicarbazone without loss of an 
acetate group and gave a Schiff aldehyde test. The reaction was later ex- 
tended to several other sugar structures. The galactose pentaacetate ^ ^ 
(1930) added a fifth crystalline pentaacetate to the four previously 
known. This latter substance also formed crystalline carbonyl addition 
compounds with alcohols and water which by their distinctive rotations 
were shown to be true valence compounds. In 1930 Brigl and Miihl- 
schlegeP^^ obtained an aldehydo-pcniahenzosLie of glucose which 
crystallized as an alcohol addition compound, apparently an ethyl 
hemiacetal or carbonyl addition compound. This would indicate tliat 
the nature of the substituent groups apparently influences the stability 
of the carbonyl group, as such addition compounds did not form with 
the acetate, although the mutarotation exhibited by the acetate in 
alcohol showed the formation of such structures in solution. The 
mutarotation exhibited by an aldehydo-acetsite in alcohol can be 

Levene and Meyer, J. Biol. Chem., 69 , 175 (1926). 

126 Fischer, Ber., 27 , 673 (1894). 

126 Levene and Meyer, J. Biol. Chem., 74 , 695 (1927). 

127 Wolfrom, J. Am. Chem. Soc., 61 , 2188 (1929). 

128 Wolfrom, ibid., 62 , 2464 (1930). 

128 Brigl and MUhlschlegel, Ber., 63, 1551 (1930). 
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explained by carbon one becoming asymmetric through hemiacetal 


formation. 

OH 


OCH 3 

1 

HCOCH 3 

5=» HC=0 

1 

+ MeOH HCOH 

1 

(CHOAc)4 

1 

(CHOAc)4 

1 

(CHOAc)4 

1 

CH 2 OAC 

1 

CHaOAc 

1 

CHaOAc 

I 

II 

I' 


A typical sugar mutarotation curve is obtained when an aldehydo- 
acetate (II) is dissolved in methanol, and a similar type was found by 
Wolfrom and Morgan (1932) for aldehydo-galsLCtose pentaacetate 
methyl hemiacetal (I) in methanol solution. The three-membered 
nature of the aldehydo-acetsiie and methanol equilibrium can be demon- 
strated by the complex nature of the mutarotation curve obtained when 
I is dissolved in pure chloroform. The free carbonyl form (II) of an 
aldehydo-sicetsite shows no mutarotation in pure chloroform. Galactose 
pentaacetate aldehydrol exhibits no mutarotation in water, carbon one 
not being asymmetric; but in chloroform solution the water dissociates 
from the carbonyl and a monomolecular decomposition curve results. 

/OH 

HC< HC=0 

I ^OH I 

(CHOAc)4 (CHOAc)4 + H 2 O 

I I 

CH 2 OAC CH 2 OAC 



Fig. 3. Mutarotation characteristics of aldehydo-^xig&v acetates. , aldehydo-d- 

galactose methyl hemiacetal in chloroform (alcohol-free), time in hours; , 

aMehyd(hd-^a.la.cio8e methyl hemiacetal in methanol, time in hours; — , 

aldehydo-d-gal&cUyse aldehydrol in chloroform (alcohol-free), time in minutes! 

Wolfrom and Morgan, J. Am. Chem, Soc,, 54 , 3390 (1932). 
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MicheeP^^ (1935) and Wolfrom^^^ (1935) prepared fully acetylated 
aldose sugars in which the carbonyl group was in the diacetate form. 
Piri0i33 (1936) obtained these structures by the acetylation of sugar 
mercaptals with acetic anhydride and sulfuric acid and isolated d^l~ 
galactose heptaacetate from agar by the use of these reagents. An 
acyclic acetohalogen galactose has been reported, and the similar 
structure in the arabinose series has been found by Felton and W. 
Freudenberg^ (1935) as a by-product in the preparation of the cyclic 
form of acetobromoarabinose (p. 1455). 


yOAc 

HC< 

I ^OAc 
(CHOAc)4 

I 

CH 2 OAC 


HO 


OAc 


I ^Br 
(CHOAc)4 


CH 2 OAC 


A striking result was obtained by Pacsu and Rich^^^ (1932), when 
they demonstrated that an open-chain or A:c/o-structure was present 
in a pentaacetate of fructose prepared long before by Hudson and 
Brauns (1915) by direct acetylation methods. A similar finding was 
made by Montgomery and Hudson (1934), when they discovered an 
aldehydostructUTe in a hexaacetate of d-[a-mannoheptose] obtained by 
acetylation of the free sugar. Keto-fmeiose pentaacetate exhibits the 
properties of a hindered ketone, the carbonyl group being very unreac- 
tive. 

Solutions of the lactol forms of the reducing sugars show the presence 
of their potential carbonyl group by forming typical amino condensation 
products, such as phenylhydrazones, oximes, and semicarbazones. For 
these, however, two types of structure are theoretically possible. 


hc=noh 

I 

(CH0H)4 

I 

CH 20 H 


H\ /NHOH 



i 

(CH0H)3 

CHO 

CH 2 OH 


>»> Micheel, Ruhkopf. and Suckftlll. Ber., 68, 1523 (1935). 
>32 Wolfrom. J. Am. Chem. Soc.. 67, 2498 (1935). 

>■’•’ Pirie, Biochem. J., SO, 374 (1936). 

>3< Wolfrom, J. Am. Chem. Soc., 67. 2498 (1935). 

•■’3 Felton and W. Freudenberg. ibid., 67, 1637 (1935). 

Pacsu and Rich, ibid,, 64 . 1697 (1932). 

>3’ Hudson and Brauns, ibid,, 37, 1283 (1915). 

>31 Montgomery and Hudson, ibid., 66, 2463 (1934). 
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When a sugar amino condensation product is acetylated, the acetate 
obtained may be of either type, and frequently a mixture of both is 
produced. Glucose phenylhydrazone exists in two forms, one of which 
was shown by Behrend and Reinsberg ^ ^ (1910) to produce on acetyla- 
tion a pentaacetate of the ring-structure type. 

Hv /NHN(Ac)CgH5 

\c/ 

I 

(CHOAc)3 

I 

CHO 

I 

CH 2 OAC 


Behrend isolated a-acetylphonylhydrazine on hydrolysis of this acetate. 
He thus allocated one of the five acetate groups in the acetylated hydra- 
zone to the nitrogen and furnished excellent proof for a ring structure. 
Had the structure been acyclic, a hexaacetate would have been indi- 
cated. This principle of establishing ring structures by detecting the 
presence of an N-acetyl group can be readily effected by analytical 
methods that distinguish between N-acetyl and 0-acetyl. ^ The 
same result can be obtained by comparing the acetylated nitrogen 
compound with that obtained directly by reaction of the aldehydo- 
acetate with the amino reagent. 


HC=NNHC(3H, 

I 

(CH0H)4 

I 

CH20H 


AcsO 

Pyridine 


HC=NNHC,iH5 

(CHOAc)4 

I 

CH2OAC 


0=CH 

C6H6NHNH2 


(CHOAc)4 

CH 2 OAC 


By these methods the structures of a number of acetylated sugar 
amino condensation products have been demonstrated. ^ ^ ^ Thus, 
glucose (and galactose) phenylosazone tetraacetate is acyclic; galac- 
tose phenylhydrazone pentaacetate is acyclic; and both the acyclic 
(aldehydo) and ring types of acetylated oximes and semicarbazones 
have been found. When the acetylated oxime or semicarbazone is 
acyclic, the aldehydo-iorm of the sugar acetate may be obtained by 
treatment with nitrous acid.^^^ 

Behrend and Reinsborg, Ann., 377 , 189 (1910). 

140 Wolfrom, Konigsberg, and Soltzberg, J. Am. Chfm. Soc., 58 , 490 (1930). 

141 Wolf rom and Thompson, ibid., 63 , 622 (1931); Wolfrom and Christman, ibid., 
63 , 3413 (1931); Wolfrom, Georges, and Soltzberg, ibid., 66 , 1794 (1934); 68 , 1781, 1783 
(1936). 

i42Deulofeu, Wolfrom, Cattaneo, Christman, and Georges, ibid., 66 , 3488 (1933); 
Deulofeu, Cattaneo, and Mendivelzua, J. Chem. Soc., 147 (1934). 

148 Wolfrom and Georges, J. Am. Chem. Soc., 66 , 1794 (1934). 



CARBOHYDRATES I 


1439 


HC=NNHC0NH2 HC=0 

I HNO 2 I 

(CHOAc)4 ^ (CHOAc)4 

I I 

CH 2 OAC CHaOAc 

HC=NOAc HC=N0H 

I (C02H)2 I 

(CHOAc)4 ^ (CHOAc)4 

CH 2 OAC CHzOAc 

Other Ring Structures. It is of great interest to note that Brigl 
and co-workers''*'* (1931) obtained a tetrabenzoate of glucose with the 
second position ofK^n. This very interesting substance showed no 
tendency to form a lactol or ethylene oxide ring, but showed all the 
properties of a true optm-chain a-hydroxy aldehyde, reacting with 
diazomethane to form a methyl ketone. This eliminates the ethylene 
oxide ring as a possibility with glucose, at least in its benzoate structure. 
The reactions employed by Brigl are diagrammed below. 


HC(SEt)2 

1 

HC(SEt)2 

1 

HC=0 

1 

CH3 

CITN, 1 

(CH0H)4 

tMOH 

— CHOH 

-o 

II 

o 

1 

CHaOH 

1 

(CHOBz)., 

j 

(CHOBz)3 

CHOH 

1 


CHaOBz 

1 

CHaOBz 

(CHOBz)3 

CHaOBz 


HC(SEt)2 

c:hoh 

HC==NNHCgH5 


CHOMe 

1 

1 

CHOMe 
-> 1 

1 

C^NNHCoHo 


(CH()Bz)3 

CHOH 

(CH0H)3 


1 

CHaOBz 

1 

CHOH 

1 

CHO 

1 

CH 2 OH 



CH 2 OH 

Micheel and co-workers*'*® (1933) obtained a galactose tetraacetate 
with the sixth position open, and this on further acetylation yielded two 

Brigl, MUhlschlegel, and Schinle, Ber„ 64 , 2921 (1931). 

Micheel and Suckfiill, Ann., 602 . 86 (1933); 607 , 133 (1933); Ber., 66 , 1957 (1933); 
Micheel and Spruck, Ber., 67 , 1665 (1934). 
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new pentaacetates of galactose. The pentaacetate was transformed to a 
new methylgalactoside (/3-methyl-d-galactoheptanoside) through the 
acetochloro compound, and this was proved to have a (1,6-) ring by 
methylation and oxidation. The methylheptanoside had the same low 
stability toward acid hydrolysis as the methylfuranosides. The reac- 
tions employed by Micheel are diagrammed below. They include 
several reactions of wide application in the sugar series which will be 
described in more detail in succeeding pages. 


HC(SEt)2 

HC(SEt)2 

HC(SEt)2 

HC==0 

HCOH 

1 

HCOH 

1 

HCOAc 

HCOAc 

HOCH -> 

1 

HOCH -> 

1 

AcOCH 

1 

AcOCH 

I 

HOCH 

1 

HOCH 

1 

AcOCH 

AcOCH 

1 

HCOH 

1 

1 

HCOH 

1 

HCOAc 

j 

HCOAc 

1 

CH 2 OH 

CH20C(C6H,)3 

1 

CH20C(C6H5)3 

CH20C(C6H5)3 


g- and /3- 


/OH 

HC< 

1 

HCOAc 

1 

c\c/” 

MeO\ /H 

Nn/ 

1 \OH 

1 

Vv — ■ 

1 

HCOAc 

HCOAc 

HCOAc 

HCOAc 

AcOCH 

1 

AcOCH 

AcOCH 

AcOCH 

1 

1 

^ 1 

^ 1 

AcOCH 

AcOCH 

AcOCH 

AcOCH 

HCOAc 

1 

HCOAc 

1 

HCOAc 

1 

HCOAc 

CH 2 OH 

CH 2 O— 

CH 2 O— 

1 

CH 2 O— 1 


MeO. /H 

\p/ 

CO 2 H 

CO 2 H 

1 

1 

— — 

HCOH 

1 

HCOMe 

HCOMe HCOH 

HOCH 

1 

1 

MeOCH 

MeOCH 

1 

HOCH 

HOCH 

( 

MeOCH 

MeOCH 

^ 1 

HOCH 

HCOH 

1 

1 

HCOMe 

1 

HCOMe 

HCOH 

CH 2 O— 

CH 2 O— 1 

CO 2 H 

1 

CO 2 H 
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TABLE III 


Isomeric Pentaacetates of ^-Galactose 


Pentaacetate of : 

M.P. 

1 

[“Id 

Chloroform 

2A 

a-d-Galactopyranose 

96 

+ 107° 

-i-Q9 70n 

/S-d-Galactopyranose 

142 

+ 23 


a-d-Galactofuranose (?) 

87 

+ 61 


/8-d-Galactofuranose (?) 

98 

- 42 


a-<i-Galactoheptanose 

128 

- 11 

_LQK QOO 

/3-d-Galactoheptanose 

112 

-103 


A Idehydo-d-golsictoBe 

121 

- 25 



Enolic Structure. One other phase of the glucose structure requires 
attention and that is the enolic form. As the general chemistry of 
the carbonyl group has developed, it has become evident that one of 
its main reactions is that of enolization. 

R— CH 2 — CHO R— CH=CHOH 

The extent of such spontaneous enolization varies considerably with 
the nature of the carbonyl compound, but is greatly enhanced by 
alkalinity. There is also good evidence that the enolic form is the 
intermediate in various reactions, the aldehyde or ketone shifting 
over to this form as the enol is consumed in the reaction. It would be 
strange indeed if the aldehyde glucose w(Te an exception to these 
well-established principles. The indirect evidence for the existence of 
the enolic sugar structures is impressive and is to be found especially in 
the complicated reactions that take place when the reducing sugars are 
placed in alkaline media. The distinctive peculiarity of the sugar enolic 
form is that this is not an ordinary enol, but an enediol. The acyclic or 
aldehydo form is required iis an intermediate for enediol formation. 
Marchlewski ^ ^ ® (1933) has shown that a carbonyl absorption band 
appears immediately on the addition of alkali to glucose and other 
reducing sugars and disappears on neutralization of the alkali. It is 
also well known that a slight alkalinity is essential for the cyanohydrin 
reaction, in which the acyclic form of the sugar is the logical intermedi- 
ate. Supporting evidence for such an intermediate is furnished by 
measurements of the initial hydrogen cyanide binding capacity of 
sugarsi47.i48 (Lippich, 1932; Brigl, 1931). 

Gabryclski and Marchlewski, Biochetn. Z., 261 , 393 (1933). 

Lippich, ibid., 248 , 280 (1932). 

Brigl, MUhlschlegel, and Schinle, Ber., 64 , 2921 (1931). 
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In 1900 Wohl and Neuberg^*^^ observed that glyceraldehyde, when 
heated in an aqueous pyridine solution, was converted into an equal 
mixture of dihydroxyacetone and glyceraldehyde. They explained this 
reaction by postulating an intermediate enolic structure. 

CHO CHOH CH 2 OH 

I II i 

CHOH COH ^ C=0 

I I I 

CH 2 OH- CH 2 OH CHoOH 

This explanation was adopted by Nef to interpret the experiments of 
Lobry de Bruyn and Alberda van Ekenstein^'^ (1896). These last- 
named workers showed that the sugars mannose and fructose appeared 
when glucose was placed in dilute alkaline solution. The detailed con- 
sideration of this reaction will be reserved for the succeeding chapter 
(p. 1509). 

The Lobry de Bruyn dilute alkali interconversion reaction was used 
successfully by Montgomery and Hudson^ (1930) in obtaining the 
crystalline ketose of lactose (lactulose) and by Austin^*'’- (1930) for 
rf-glucoheptulose. At thit point it would be well to mention the only 
other successful method for ketose synthesis at present available. This 
is the biological method developed by Bertrand. In 1852, the French 
scientist, Pelouze, ^ described the isolation of a new ketohexose from 
the juice of the berries of the mountain ash. This was a readily crystal- 
lizable sugar which has been named sorbose. For half a century, 
attempts to repeat the experiments of Pelouze remained unsuccessful, 
until Bertrand ^ (1896) found that the mountain ash synthesized 

merely the alcohol d-sorbitol and that this was oxidized to the ketose 
by a bacterium introduced into the fruit by a type of vinegar fly. Ber- 
trand isolated this bactiTium, now known as the sorbose bacterium 
{Acetohacter xylinum)^ and with this in hand it was a rather simple 
problem for him to prepare the ketose from pure d-sorbitol. The ketose 
so produced is ^-sorbose, and a transformation from the d- to the i-sugar 
series is thus effected. 

This method for ketose synthesis, being biological, is strictly limited 
in application to those alcohols having a cis configuration on carbon 
atoms two and three or four and five. Bertrand ^ (1904) made 

crystalline dihydroxyacetone available by the action of the bacterium 

Wohl and Neuberg, Ber., 33, 3095 (1900). 

Lobry de Bruyn and Alberda van Ekenstein, liec. trav. chim., 15 , 93 (1896). 

Montgomery and HudHon, J. Am. Chem. Soc., 62 , 2101 (1930). 

Austin, ibid., 62, 2106 (1930). 

Pelouze, Ann. chim. phys., [3] 36 , 222 (1852). 

Bertrand, B?///. soc. chim., [3] 16 , 627 (1896). 

Bertrand, Atm. chim. phys., [8] 3, 230 (1904). 
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CH20H 

CH2OH 

CH2OH 

1 

1 

H(:OH 

1 

HOCH 

1 

c=o 

HOCH 

1 

1 

HOCH 

1 — * 

1 

HOCH 

1 

HCOH 

HCOH 

HCOH 

1 

H(^OH 

1 

HO(^H 

1 

Hod^H 

1 

CH2OH 

1 

(’H2OH 

Identical 

1 

CH2OH 


on glycerol. He also obtained crystalline Z-glucoheptulose ^ (1928), 

and a crystalline ketoheptose, perseulose ^ ^ ^ (1909), from fx^rseitol, a 
naturally occurring heptitol. The known ketose sugars are tabulated in 
Table IV. 


TABLE IV 
Ketose Sugars 


Name 


Structure 


Occurrence 


Dihydroxy acetone CH 2 OHCOCH 2 OH 

OH 

I 

LErythrulose (syrup) CH 2 OH— C--COCH 2 OII 

H 

H OH 

! i 

d-Xyloketose (syrup) CH.OH— C — C— COCH 2 OH 

I i 
OH H 

OH H 

! 1 

LXyloketo.se (syrup) CH 2 OH— C — C— COCH 2 OH 

H OH 
H H 

I ! 

d-Riboketose (syrup) CH 2 OH— C C— COCH oOH 

6h oh 

OH OH 


i-Riboketose (syrup) CH 2 OH— (!:: — C— COCHjOH 


/8-d-Fructose 


H H 

H H OH OH 
ocHs— i — c — (!: — CHjOH 
<i)H (^H H 


Pentosuric urine 


Fruits; honey 


Bertrand and Nitaljerg, Compt. rend., 186 , 1172 (1928). 
Bertrand, Bull. aoc. chim., [4j 6. 629 (1909). 
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TABLE IV — Continued 
Ketose Sugars 

Name Structure Occurrence 



OH 

OH 

H 

1 


LFructose (syrup) 

CH2OH— C— 
1 

1 

-C— COCH2OH 

1 



I 

H 

1 

H 

(^H 



H 

1 

OH 

1 

H 

1 


d-Sorbose 

CH2OH— C— 

1 

1 

-(^OCHjOH 

1 



1 

OH 

1 

II 

OH 



OH 

H 

OH 

1 


Z-Sorbose 

I 

CH2OH— 0— 

1 

-i— 

-C— COCH2OH 

1 



H 

1)1] 

H 



H 

1 

OH 

1 

OH 

1 


d-Tagatose 

criuOH— C— 

1 

1 

C— 

1 

-C— COCH2OH 

1 




H 

1 

H 



OH 

OH 

1 

OH 


1-Psicose (syrup) 

j 

CH2OH— c— 
1 

1 

1 

-C— COCH2OH 

1 



1 

H 

1 

H 

H 



H 

H 

1 

H OH 


Sedoheptose (syrup) 

j 

CH2OII— C— 

1 

~h— 

1 

j 1 

-C — C— COCHjOH 

1 ! 

Sedum spectahile 


OH 

OH 

OH H 



H 

H 

1 

OH OH 

1 1 


M annoketoheptose 

CII2OII— C— 

1 

~C— 

1 

C — 6 — COCH2OH 

1 1 

Avocado pear 


OH 

OH 

1 1 

H H 



OH 

1 

H 

1 

H OH 

1 1 


Perseulose 

CH2OH— c— 
1 

I 

C — C— COCH^OH 

1 1 



H 

OH 

OH H 



H 

1 

H 

1 

OH H 


d-Glucoheptulose 

CH,iOH— 6 — 
1 

1 

C— 

1 

1 1 

c — C— COCH2OH 

1 1 



OH 

OH 

1 1 

II OH 



OH 

1 

OH 

1 

H OH 


f-Glucoheptulose 

CILOH— C — C— 
1 1 

1 j 

-C — C-COCH2OH 



1 

H 

H 

1 1 

OH H 



Turanose Disaccharide; hydrolytic 

product of melezitose 
Ketose of the disaccharide lactose 


Lactulose 
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Summary of Ring Structure and Tautomeric Forms. All the pre- 
ceding evidence shows definitely that glucose is a highly tautomeric sub- 
stance. To be sure, the two known crystalline forms of this sugar un- 
doubtedly have the pyranose structure, but when these are brought into 
solution many changes may occur. Evidence has been obtained for all 
the following glucose structures. The stable or resting stages are the 
pyranose forms, I and III; IV and VI are perhaps favored by acidity 
and II and V by alkalinity. 


I 

HCOH 

I 

HCOH 

I 

HOCH 

I 

HCOH 

I 

HCO— 

inaOH 

I 

I 

HCOH 

I 

HCOH 

I 

HOCH 

I 

HCO 

I 

HCOH 

CH 2 OH 



HC(0H)2 


HOCH 

1 

HCOH 


1 

HCOH 

1 

HOCH 


1 

HOCH 

1 

HCOH 


I 

HCOH 

1 

HCOH 


1 

HCO 

1 

CHaOH V 


CHaOH 


II X 


III 

CHOH 

II 

COH 

1 

HOCH 

1 


^ HOCH 

V HCOH 

1 

HOCH 

1 

HCO 

HCOH 

1 


HCOH 

HCOH 

CHaOH 


1 

CHaOH 


IV 


V 


VI 


Brigl and Schinle^'^® (1933; 1934) have obtained direct evidence 
for the high degree of tautomerism displayed by fructose. The marked 
changes in rotation with temperature exhibited by aqueous solutions of 
fructose indicated that this sugar was highly tautomeric. Brigl and 
Schinle isolated three crystalline benzoates by the direct benzoylation 
of fructose and furnished good evidence that they were, respectively: 


Brigl and Schinle, Ber„ 66, 325 (1933); 67, 127 (1934). 
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CH2OBZ 

I 

HOC 1 

BzOCH 

HCOBz 

HCOBz 

I 

CH2O— ' 
jS-Fructopyranose 
tetrabenzoate 


CH2OBZ 

I 

c=o 

I 

BzOCH 

I 

HCOBz 

I 

HCOBz 

I 

CH2OBZ 

/vdo-fructose 

pentabenzoate 


CH2OBZ 

I 

HOC , 

I 

BzOCH 

I 

HCOBz 

nio 

I 

CH2OBZ 

Fructofuranose 

tetrabenzoate 


The ring structure of the tetroses is of interest. These sugars cannot 
exist in the monomolecular form as a pyranose ring, but only in a 
furanose or smaller ring. None of the tetrose sugars has so far been 
obtained crystalline. The molecular weight of an erylhrose syrup has 
been found to be that of a normal monomer by Deulofeu ^ ^ (1932). 
This might have been expected from the previous work of Helferich and 
his collaborators (1921) with 7 -hydroxy aldehydes. An outstanding 
advance in tetrose chemistry has been the isolation of a crystalline 
diacetate of d-threose by W. Freudenberg ^ ^ (1932) and of a crystalline 
triacetate of the same by Hockett^^- (1934). Swan and Evans 
(1935) have also obtained the first crystalline glycoside of a tetrose 
(a-methyl-Z-arabomethyloside) . 

The present rather considerable knowledge of the trioses glycer- 
aldehyde and dihydroxyacetone and of the one diose, glycolaldehyde, is 
due in large part to the careful work of H. O. L. Fischer and his students 
in this very difficult field. The crystalline forms of glycolaldehyde and 
of glyceraldehyde are dimeric, but molecular-weight determinations 
show that they pass spontaneously into the monomer in aqueous solu- 
tion. The derivatives of these aldoses are likewise dimeric. It is prob- 
able that the dimeric structures are produced by the carbonyl of one 
molecule forming a lactol with the hydroxyl hydrogen of a second 
molecule to produce a six-membered ring of the dioxane type. 


Deiilofeu, J. Chem. Soc., 2973 (1932). 
Helferich and Lecher, Ber., 54 , 930 (1921). 
161 w. Freudenberg, Ber., 65 , 168 (1932). 
^®2Hockett, J. Am. Chem. Soc., 56 , 994 (1934). 
Swan and Evans, ibid.y 57 , 200 (1935). 
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CH 2 OH 

I 

HOCH CH 

I I 

0 O 5=^ 2 

1 I 

CH— HCOH 

I 

CH 2 OH 

Glyceraldehyde 

HOCH CH 2 

I I 

0 O ^2 

1 I 

CH 2 — CHOH 

Glycolaldehyde 

OXIDIZED SUGAR STRUCTURES 

In addition to the mono- and dibasic sugar acids previously dis- 
cussed, a number of other oxidized sugar structures are of interest. 

Osones. The term osone, used to denote the sugar dicarbonyl 
compounds, was originally introduced by Fischer (1889) to name 
the syrupy product obtained by the hydrolysis of a phenylosazone with 
hydrochloric acid'^^ (1888). Glucosone (1,2-) has the general structure 
CH 2 OH — (CH0H)3 — CO — CHO. Its ring structure has not been 
clarified. A crystalline tetraacetate monohydrate of this substance 
has been obtained by Maurer ^ (1929). Glucosone is an intermediate 

in the oxidation of glucose with copper acetate and in the Ruff oxidative 
degradation. Hexosones having the second carbonyl group in other 
positions than the second carbon have been obtained by the general 
synthetic reactions established by Maurer. 

Keto Acids. An interesting oxidation product of glucose is the 
ketogluconic acid obtained long ago and reinvestigated by Kiliani^^’" 
(1922; 1925). The keto group is on the fifth carbon in this keto acid. 
The 2-keto acids of the sugar group are of especial importance and 
will be discussed in the succeeding chapter (p. 1506). 

Glycuronic Acids. The pioneer physiological chemist Schmiede- 
bergi^s (1879) found that w^hen camphor was fed to an animal it wiis 
eliminated in the urine as a bornylglycoside in which the terminal pri- 

Fischer, Ber., 22 , 88 (1889). 

Fischer, Ber., 21 . 2632 (1888). 

Maurer, Ber., 62 . 332 (1929). 

Kiliani, Ber., 55 , 76. 2817 (1922); 58 , 2344 (1926). 

**• Schmiedeberg and Meyer, Z. physiol. Cham., S, 422 (1879). 


CHO 

CHOH 

I 

CH 2 OH 

CHO 

CH 2 OH 
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mary hydroxyl group of glucose had been oxidized to the carboxyl group. 
On hydrolysis, this produced crystalline glucuronic acid lactone, 
I O 1 

CO — CH — CHOH — CH — CHOH — CHOH, in which the pyranose ring 

I O “ 

structure is indicated by the methylation experiments of Pryde and 
Williams^ (1933) on bornyl glucuronate. According to Quick 
(1927), glucuronic acid can be most conveniently prepared from bornyl 
glucuronate, obtained by administering borneol to dogs. Zervas and 
Sessler^^ ^ (1933) have synthesized glucuronic acid from acetonebenzyli- 
deneglucose (I). The free terminal primary alcohol group of I was 
oxidized with alkaline permanganate solution to the acid II, which on 
catalytic hydrogenation with palladium produced acetoneglucuronic 
acid (III), from which the glucuronic acid lactone (IV) was obtained by 
mild acid hydrolysis. Fischer and Piloty (1891) had also synthesized 
IV by the reduction of the lactone of glucosaccharic acid. 



I II III IV 


The animal organism has the power of combining substances which 
are toxic, or which can be oxidized only slowly, with glucuronic acid 
and excreting them in the urine. It was once suggested that the sub- 
stances first form a glucoside with glucose, which then, since the aldehyde 
group is protected, is oxidized at the other end of the chain. This view 
can no longer be uph(‘Jd since Pryde and co-workers ^ ^ ^ (1934) have 
shown that phenyl- and bornyl-/5-glucosides are not converted by the 
dog to the corresponding glucuronates. The source of glucuronic acid 
is probably mucin. The place of glucuronic acid in the general scheme 
of detoxication mechanisms of the body has been studied by Quick 
(1932). 

189 Pryde and Williams, Biochem, J„ 27 , 1197 (1933). 

170 Quick, J. Biol. Chem., 74, 331 (1927). 

171 Zervas and Sessler, Ber., 66 , 1326 (1933). 

172 Fischer and Piloty, Ber., 24 , 524 (1891). 

173 Hemingway, Pryde, and Williams, Biochem. J., 28 , 136 (1934). 

174 Quick, J. Biol. Chem., 97, 403 (1932). 
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d-Glucuronic acid has a very widespread occurrence in the plant and 
animal world; with galacturonic acid, it is a constituent of the plant 
mucilages and gums. d-Glucuronic acid is found in the type specific 
polysaccharide of Type III pneumococcus in combination with glu- 
cose^ (Heidelberger and Goebel, 1927); and a similar substance, 
d-galactopyranose-6-glucuronate, is a partial hydrolysis product of gum 
arabic. The extended investigations of Levene and co-workers have 
established the presence of glucuronic acid as a constituent of the 
carbohydrate portion of the mucoproteins. 

d-Galacturonic acid is a component of the fruit pectins, which have 
been extensively investigated by Ehrlich and his students. Link^^^ 
and co-workers (1931) have described its preparation in crystalline 
condition from technical citrus pectin. Anderson has made the 
interesting observation that both Z-galactose and d-galacturonic acid 
are hydrolytic products of flaxseed mucilage. Both the d- and the U 
forms of galacturonic acid have been synthesized from diacetone- 
(1,2; 3,4)-galactose by Niemann and Link^^® (1934). 


Me2C< 


HCO. 

1 

HCOv 

«\c/^ 

1 >CMe2 

1 >CMe2 

1 

HCQ/ 

HCQ/ 

HCOR 

1 

(0) , 

HsO 1 

/OCR 

— > /OCR 

■ > ROCR 

^OCH 

Me2C< 1 

X)CR 

(HCl) 1 

ROCR 

1 

1 

HCO 

1 

RCO 

RCO- 


CH 2 OH 


CO 2 H 


CO2H 


Two crystalline forms of d-galacturonic acid are known, and to one 
of them Ehrlich assigns the aldehyde-hydrate formula. Two crystalline 
methylgalacturonides have also been prepared (Morell and Link,^"'^ 
1932; Ehrlich and Guttmann,^^^ 1933), and evidence based upon 
kinetics of hydrolysis is offered for a pyranoside ring in the a-isomer. 

The lactone of d-mannuronic acid has been isolated from certain 
types of seaweed by Nelson and Cretcher^®^ (1930). This lactone has 

Heidelberger and Goebel, ibid., 74 , 613 (1927). 

Link and Nedden, i7nd,, 94 , 307 (1931); Morell, Baur, and Link, ibid., 106 , 15 
(1934). 

Anderson, ibid., 100 , 249 (1933). 

‘78 Niemann and Link, ibid., 104 , 195, 743 (1934). 

‘7» Link, Nature, 130, 402 (1932); Morell and Link. J. Biol. Chem., 100, 385 (1933). 

Ehrlich and Guttmann, Ber., 66 , 220 (1933). 

Nelson and Cretcher, J. Am. Chem. Soc., 62 , 2130 (1930). 
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also been synthesized by the reduction of d-mannosaccharic acid lactone 
(Niemann and Link, 1933); similar synthetic procedures have 
yielded Z-mannuronolactone and d,Z-alluronic acid (Link and co-workers, 
193418 3) ready decarboxylation of uronic acids forms the basis 

of a widely used analytical method for their estimation, originally 
devised by Lefevre and Tollens^®'^ (1907). 

REDUCED SUGAR STRUCTURES 

In addition to the previously described sugar alcohols, a number 
of sugar reduction products arc known in which one of the hydroxyl 
groups of the parent sugar has been replaced by hydrogen. 

Methylpentoses. A group of naturally occurring sugars are known 
which may be considered as hexose reduction products, in which the 
terminal primary hydroxyl group of the hexose has been reduced to 
a methyl group (p. 1502). They are commonly termed the methyl- 
pentoses. On treatment with mineral acids they decompose to form 
methylfurfuraldehyde; under these conditions the pentoses yield 
furfuraldehyde. There ar^‘ as many possible stereoisomeric methyl- 
pentoses (6-desoxyhexoses) as there are hexoses, and Voto6ek has sim- 
plified their nomenclature by using the general suffix -methylose. d-Glu- 
comethylose, a crystalline sugar, is a constituent of the glycoside convol- 
vulin. Its structure was determined by Fischer and Zach^®*''^ (1912) 
beyond doubt by its synthesis from the methylglycoside of 6-bromo-d- 
glucose triacetate through reduction of the bromine atom by means of 
zinc dust and acetic acid. The triacetyl derivative obtained yielded a 
glycoside on alkaline hydrolysis from which the methylpentose was 
finally obtained on acid hydrolysis. 


MeOv /H 

MeOv /H 

\c/ 


HCOAc 

HCOAc 

HCOH 

AcOCH 

AcOCH 

1 

HOCH 

HCOAc 

y 1 

HCOAc 

HCOH 

j 

HPO 

1 




rlUU 

1 

CHaBr 

1 

CHs 

CHa 


Niemann and Link, J. Biol. Chem., 100 , 407 (1933). 

Niemann, McCubbin, and Link, ibid., 104 , 737 (1934); Niemann, Karjala, and 
Link, ibid., 104 , 189 (1934). 

Lef^vro and Tollens, Ber., 40, 4517 (1907). 

186 Fischer and Zacli, Ber., 45, 3761 (1912). 
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The best-known methylpentose is rhamnose or Z-mannomethylose. 
This well-crystallized sugar is a constituent of many glycosides, the 
best known of which is quercitrin, the glycoside of oak bark. Z-Fucose 
or Z-galactomethylose is obtained by the acid hydrolysis of certain types 
of seaweed, and its enantioinorph, d-fucose or rhodeose, is a constituent 
of the glycoside jalapin. The present knowledge of the occurrence and 
structure of these reduced hcxoses is due in large part to the work of 
Voto^ek and his students. 

2-Desoxy Sugars. Another group of reduced sugars are the 2-desoxy 
sugars or 2-dcsoses in which carbon two of a hexose or pentose has been 
reduced to a methylene group. 2-Glucodesose was prepared syntheti- 
cally by Bergmann and co-workers ^ ® (1922) through a series of reac- 
tions involving the reduction of acetobromoglucose, the details of which 
are left for the next chapter (p. 1501). Considerable interest has been 
attached to desoxy sugars by the isolation of crystalline 2-ribodesose 
(2-desoxyribose) as the sugar of thymus nucleic acid by Levene and 
London (1928). The glycosides of the 2-desoxy sugars are as unsta- 
ble toward acid hydrolysis as the furanosides although methylation 
studies indicate that pyranosc lactols are present. 



2-Ribo (arabo)-de 808 e 

2,6-Desoxy Sugars. The digitalis group (p. 1345) of glycosides pro- 
duce on hydrolysis a number of interesting sugars that were first inves- 
tigated by Kiliani. From digitoxin, l^liani^®® (1895) isolated a sugar 
which he named digitoxose and to which the following formula is now 
assigned: 

H H H 

CHa C C C CH2 CHO 

I I I 

OH OH OH 

“‘Bergmann, Schotte, and Lechineky, Ber., 66 , 158 (1922); 66 , 1052 (1923). 

“’Levene and I.ondon, J. Biol. Chem., 81, 711 (1928); 83, 793 (1929). 

“‘ Kiliani, Arch. Pharm., 333, 319 (1895). 
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Kiliani established the formula C 6 H 12 O 4 for this sugar; the formula 
thus differed from that of an ordinary hexose (C 6 H 12 O 6 ) by having a 
deficiency of two oxygen atoms. He noted that the sugar was an 
aldose by the formation of its aldonic acid on hypobromite oxidation. 
It formed a phenylhydrazone but no osazone^®® (1896); thus carbon 
two was reduced. Acetic acid was formed on oxidation with silver 
oxide (1899); therefore a terminal methyl group was present. 
Kiliani later (1905) obtained a!,j5-dihydroxyglutaric acid and meso- 
tartaric acid on nitric acid oxidation; this was used as proof that the 
hydroxyls on carbons three and four were cis. 
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CO 2 H 

CO 2 H 
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HCOH 
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y HCOH 
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HCOH 

1 
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Starting with a substance (II) which was obtained by Cloetta^®^ 
(1920) through vacuum sublimation of digitoxin and which was known 
to possess an anhydro structure of the glycal type (Windaus and 
Schwarte, 1926), MicheeH®'* (1930) obtained on ozonization a 
methyltetrose (III). This (III) was shown to possess the same con- 
figuration on carbon four and carbon five of the digitoxose chain as 
c?-arabomethyIose, by the preparation of identical phenylosazones from 
both sources. Hence, since the hydroxyl groups on carbon three and 
carbon four are cis to one another, it follows that all three hydroxyl 
groups are cis and that digitoxose belongs to the d-series and may be 
named 2-desoxy-d-allomethylose (I). 

Kiliani, ibid., 234, 48G (1896). 

Kiliani, Ber., 32, 2196 (1899). 

KUiani, Ber., 38, 4040 (1905). 

^^^Cloetta, Arch, exptl. Path. Phannakol., 88, 113 (1920). 

i»8 Windaus and Schwarte, Nachr. Gea. Wiaa. 06ttingen, Math, physik. Klasse, 1 (1926). 

w^Micheel, Ber., 63, 347 (1930). 
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Another sugar of the digitalis group is cymarose, first obtained by 
Windaus and Hermanns (1915) from cymarin. They showed it to 
be a methyl ether of a 2 -desoxyhexomethylose and suggested that it 
might be a methyl ether of digitoxose. Elderfield^^® (1935) has shown 
that the methoxyl group is in position three and has demonstrated the 
configurational identity with digitoxose. On nitric acid oxidation, 
cymarose yielded the lactone of o!-hydroxy-/3-methoxyglutaric acid (V), 
thus rendering probable the allocation of the methoxyl group on carbon 
three. This was substantiated by the preparation of two different fully 
methylated lactones from cymarose, one of which possessed a 7 -lactone 
ring (VI) and the other a 5-lactone ring (VII). Thus, both of the hydroxyl 
groups on carbon four and carbon five are unsubstituted. The relation- 
ship of cymarose to digitoxose (VIII) was shown by the preparation of 
identical fully methylated 7 -lactones from both sugars. C 3 marose 
therefore is represented by formula IV. 


GLYCOSIDES 


A wide variety of glycosides are found in the plant world. They are 
composed of alcohols or phenols in glycosidic combination with a sugar — 
a type of combination which has been discussed previously in dealing 
with the a- and i3-glycopyranosides and glycofuranosides. On hydrolysis 
by acids or by enzymes, the glycosides produce one or more sugars, 
chiefly d-glucose, and the non-sugar portion, which is termed the aglucon. 
These aglucons are of a very diversified nature (pp. 1004, 1117, 1314). 
It is remarkable that the naturally occurring glycosides are for the most 
part levorotatory and are hydrolyzable by cmulsin. They accordingly 
belong to the jS-gly cosides. Their function in the plant is rather 
obscure, but the physiological actions of many are well established, and 
it is to the presence of such glycosides that many herbs and roots owe 
their medicinal value. A few of the large number of naturally occurring 
glycosides are tabulated in Table V. 

Salicin is a classical example of a simple glycoside. It occurs in 
willow bark and has the following constitution: 



-C 

H 


OH H OH 6 

-c — c — c: C- 

H OH H H 


CH2OH 


Windaus and Hermanns, Ber., 48 , 993 (1916). 
Eldcrfield, J. Biol. Chan., Ill, 627 (1935). 
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TABLE V 


Representative Glycosides of Natural Occurrence 


Glycoside 

Sugar 

Aglucon 

Populin 

Benzoylglucose 

o-Hydroxybenzyl alcohol 

Coniferin 

Glucose 

Coniferyl alcohol 

Aesculin 

Glucose 

6,7-Dihydroxycoumarin 

Idaein 

Galactose 

Cyanidin (p. 1119) 

Scopolin 

Glucose (2 moles) 

6-Methylaesculetin 

Peonin 

Glucose (2 moles) 

Cyanidin 

Violanin 

Rhamnose glucose 

Delphinidin (p. 1119) 

Digitoxin 

Digitoxose (3 moles) 

Digitoxigenin (p. 1332) 

Cymarin 

Cymarose 

Strophanthidin (p. 1323) 

Prunasin 

Glucose 

Mandelonitrile 

Lotusin 

Gentiobiose 

Lotoflavin 

Hespcridin 

Glucose -f rhamnose 

Hesperitin 

Salicin 

Glucose 

o-Hydroxybenzyl alcohol 

Irvine and 

Rose’*'*" (1906) methylated this substance to form 


crystalline pentamethylsalicin which produced tetramethylglucopyra- 
nose on hydrolysis. Levene and Tipson^^® (1931) have found from 
methylation studies that some of the glycosides (nucleosides) (p. 1005), 
produced by the partial hydrolysis of nucleic acids (p. 1011), are 
furanosides. 

The structures of a number of the naturally occurring glycosides have 
been verified by synthetic methods. The previously described method 
of Fischer produced the isomeric glycosides directly from the sugar and 
alcohol. The other and more selective method is that employing the 
acetohalogen sugars as condensing agents. 

The first acetohalogen sugar, acetochloroglucosc, was prepared by 
Colley^ (1870) by the reaction between glucose and five moles of 
acetyl chloride. It is now known that this substance has the structure 

H 

1 

CH 2 OAC— CH— (CHOAc) 3— C— Cl. A. Michael (igyg) reacted 

! o ! 

this compound with potassium phenolate and obtained crystalline 
/3-phenylglucoside. In an analogous manner, Michael (1881) per- 
formed the first artificial synthesis of a naturally occurring glycoside and 

Irvine and Rose, J. Chem. Soc., 89 , 814 (1906). 

198 Levene and Tipson, Science, 74 , 621 (1931) ; J, Biol. Chem., 94 , 809 (1932). 

Colley, Ann. chim. phya., [4] 21 , 363 (1870). 

200 Michael, Am. Chem. J., 1 , 305 (1879). 

201 Michael, Ber., 14 , 2097 (1881). 
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obtained methyl arbutin or CH 3 O 


^OCeHiiOfi. 


A more re- 


active and useful compound than acetochloroglucose was obtained when 
Koenigs and Knorr 2 02 (1901) prepared crystalline acetobromoglucose 
by the action of acetyl bromide upon glucose. These workers showed that 
this compound reacted readily with methanol in the presence of silver 
carbonate to form / 3 -methylglucoside tetraacetate. Koenigs and Knorr 
also showed that the crystalline acetonitroglucose, obtained by Colley ^ ^3 
(1873), reacted in a similar manner with methanol in the presence of 
barium carbonate to form the tetraacetate of /3-methylglucoside. Aceto- 
nitroglucose has the structure CH 2 OACCH — (CHOAc) 3 — CHONO 2 . 

! n 


Deacetylation of the above glucoside tetraacetate produced the previ- 
ously known /3-methylglucosidc. 
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E. Fischer^®^ (1911) improved the method for preparing the aceto- 
halogen sugars by employing the reaction between the hexose penta- 
acetate (either a- or /3-) and a glacial acetic acid solution of the halogen 
acid. In this manner, acetohalogen sugars containing chlorine, bromine, 
or iodine were obtained, and in 1923 Brauns^®^ prepared acetofluoroglu- 
cose. Brauns has extended these reactions to many of the reducing 
sugars and has measured the optical rotations of the acetohalogen sugars 
with high precision. He has deduced a relationship between these rota- 
tion values and the atomic dimensions of the halogens.^®® 

The problem of obtaining the isomeric a-glycosides by the Koenigs 
and Knorr reaction was partially solved by Fischer and von MecheF®^ 


Koenigs and Knorr, Ber., 34, 978 (1901). 

203 Colley, Compt. rend., 76, 436 (1873). 

20* Fischer, Ber., 44, 1899 (1911). 

206 Brauns, J. Am. Chem. Soc., 45, 833 (1923). 

206 Brauns, Bur. Standards J. Research, 7, 673 (1931); Bummarizing paper. 

207 Fischer and v. Mechel, Ber., 49, 2813 (1916). 



CARBOHYDRATES I 


1457 


(1916) when they found that a mixture of glycosides was obtained when 
quinoline was substituted for silver carbonate in this reaction. What 
appears to be the best method for effecting this result was introduced by 
Pacsu^^® (1928), who found that /3-methylglucoside tetraacetate pro- 
duced a nearly quantitative yield of the a-glucoside acetate on heating 
with titanium tetrachloride in chloroform solution. This method is 
reminiscent of the transformation of /3-sugar acetates to the a-forms on 
heating with zinc chloride in acetic anhydride solution. 

DISACCHARIDE STRUCTURE 

Introduction. The term oligosaccharide has been suggested by 
Freudenberg to denote those polysaccharides which have a definitely 
known number of component molecular units. The oligosaccharides 
include the di-, tri-, and tetrasaccharides. Only the more common 
of the naturally occurring oligosaccharides have had their structure 
elucidated. Many more undoubtedly exist as constituents of those 
glycosides that produce several sugars on hydrolysis. A few such rare 
sugars have been isolated and characterized. A number of synthetic 
oligosaccharides have been prepared which are not identical with any 
as yet found in nature. The oligosaccharides are glycosidic condensation 
products of the monosaccharides, a second molecule of sugar acting as 
the alcohol, and when hydrolyzed the simple sugars are released and 
may be identified. Most of the oligosaccharides crystallize as hydrates. 

The structure of the common disaccharides will first be considered. 
The problems arising in the elucidation of the structure of the disac- 
charides may be classified under the following heads: (1) identification 
of the component sugars; (2) which of the component sugars is the 
alcohol portion; (3) the stereochemical nature (a- or /3-) of the glycosidic 
linkage; (4) which carbon of the alcohol portion is concerned in the 
glycosidic union; and (5) the ring structure of each of the component 
sugars. The results of these studies have shown that the common 
disaccharides fall into three classes as regards the point of glycosidic 
union: (1) those linked through the reducing groups of each component; 
(2) those linked to carbon four of the alcohol portion, or the C 4 -disac- 
charides; (3) those linked to carbon six of the alcohol portion, or the 
Co-disaccharides. Furthermore, d-glucose is the alcohol portion of each. 
These structures are tabulated in Table VI. 

In attacking the problems presented by disaccharide structure, the 
nature of the component sugars w’^as the problem most readily solved. 
The stereochemical nature (a- or /3-) of the glycosidic linkage was deter- 

2««Piicsu, Bcr., 61 , 137, 1513 (1928). 
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TABLE VI 

Structure of the Common Disaccharides 
(1) Disaccharides linked through the reducing groups 


Sucrose 


Trehalose 


Lactose 


(3) C 6-Disaccharides 
Gentiobiose 


Melibiose 




d-Glucopyranose 
- 0 - 


r/-Fructofuranoee 

o 


c — (b — c — c — c — — o — (b — c — -C — c — (b- 


(i-Glucopyraiiose 


(2) C 4 -Disaccharides 
Maltose 


Cellobiose 


c— c— c— c— c-^<b 
I o 

^/-Glucopyranosc 


<i-Glucopyranose 

-o 


c— c— c— c— c— 6 
I o 1 

(/-Glucopyranose 


c— c^— c— c— c 
I o 1 

f/>Gl ucopyranose 
_0 

c— c— c— c— c— c 

-O ! 


I 


^r 

c — C — C — C — C— c 

1 0 ‘ 


J-Gl ucopy ranose 

- 0 - 


(/-Galactopyranoee 


c — c — (b — c — c — c 

1 O 1 

ti-Gl ucopy ran 086 




C— C— C— C— C— c/' ^c— c— c— c— c— c 

_0 J O 1 


d-Glucopyranose 


d-Gl ucopy ranose 




C— C— C— C— C— c/ '^c— c— c— c— c— c 

I O 1 J O 1 


c/-G al actopy ran 086 


d-Glucopyranose 


mined by means of enz3miic studies and by a consideration of the optical 
rotations involved; some of these results have not been entirely decisive. 
The remaining structural problems were solved by methylation methods. 
These consisted in methylating all free hydroxyl groups in the molecule, 
hydrolyzing, and ascertaining the linkage by the nature of the hydrolytic 
products obtained. This general procedure falls under the head of 
structural determination by degradative methods. The classical meth- 
ods of the organic chemist then require that this structure be confirmed 
by synthesis from intermediates of known structure through controlled 
reactions. 

The methylation of a disaccharide is quite a different problem from 
the methylation of a monosaccharide. The Fischer method for glyco- 
side formation is inapplicable to a disaccharide because of the hydrolysis 
produced by the methanol solution of hydrogen chloride. The vigorous 
oxidizing action of silver oxide makes the Purdie methylation process 
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unsuitable for the methylation of a free reducing sugar. The methyl 
sulfate-alkali procedure was successfully adapted to disaccharide methyl- 
ation by Haworth. Maquenne^^® (1905) had used methyl sulfate for 
/3-glucoside formation, and Haworth adopted the technique of Maquenne 
for the preliminary formation of a glycoside at low tempc^ratures before 
using the more stringent conditions required for the remaining hydroxyl 
groups. A final methylation by the Purdie method was then generally 
used to ensure complete methylation. 

Methylation Reference Compounds. In determining the nature 
of the hydrolytic products of the methylated disaccharides, a number of 
reference substances are of importance and will be first considered. 

Tetramethylgl'ucopyr ariose, n-Tetramethylglucose or tetramethyl- 
glucopyranose has been discussed previously, and as it crystallizes with 
ease its isolation never presented any difficulty. 

Tetramethylgalactopyranose. This sugar was first prepared by 
Irvine and Cameron^^^ (1904) as a syrup and characterized as its crys- 
talline /3-methyltetramethylgalactoside. A more useful characterizing 
derivative is the readily crystallized anilide of this sugar. The hydra- 
zones of the methylated sugars are syrups and are of no value as deriva- 
tives, but Irvine and McNicoll-^^ (1910) showed that the anilide was 
frequently a crystallizable substance, especially for tetramethylgalactose. 
The (1,5-) lactol nature of this sugar was demonstrated when Haworth, 
Hirst, and Jones^^^' (1927) isolated crystalline Z-arabotrimethoxyglu- 
taromethylamide by the nitric acid oxidation of tetramethylgalactose. 
Schlubach and Moog^^'^ (1923) crystallized the free sugar, and in some 
of Haworth’s later work the methylated sugar was isolated directly in 
crystalline form. 

Tetramethylfmctopyranose, r/-Tetramethylfructose, a beautifully 
crystalline sugar, was first prepared by Purdie and Paul“^^ (1907) by 
the methylation of that complex syrupy mixture of fructosides obtained 
by E. Fischer^ (1895) through the action of methanol and hydrogen 
chloride upon fructose. The preparation of crystalline jS-methylfructo- 
side by Hudson and Brauns^ (1916) provided a superior source for 
the sugar, and its preparation by the methylation and subsequent 
hydrolysis of this glycoside was reported by Irvdne and Patterson- 

Maquenne, Bull. «oc, chim., [3] 33, 469 (1905). 

I^^^ne and Cameron, J. Chem. Soc., 86, 1071 (1904). 

Irvine and McNicoU, ibid., 97 , 1449 (1910). 

Haworth, Hirst, and Jones, ibid., 2428 (1927). 

Schlubach and Moo«, Ber., 66 . 1957 (1923). 

*** Purdie and Paul, J. Chem. Soc., 91 , 289 (1907). 

Fischer, Ber., 88, 1145 (1895). 

Hudson and Brauns, J. Am. Chem. Soc., 38, 1216 (1916). 

Irvine and Patterson, J. Chem. Soc., 181 , 2146 (1922). 
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(1922). The pyranose or (2,6-) ring structure for this sugar was estab- 
lished by Haworth and Hirst^^® (1926) by the isolation of d-arabotri- 
methoxyglutaric acid and f-dimethoxysuccinic acid as their crystalline 
diamides from the nitric acid oxidation of n-tetramethylfructose. 

CO 2 H 

I 

MeOCH 

I 

HCOMe 

1 

^ HCOMe 
CO 2 H 
CO 2 H 
, HCOMe 
HCOMe 

I 

CO 2 H 

2,S,6-Trimeihylghicose, The trimethylglucose (I) having this 
structure was prepared in crystalline form by Denham and Wood- 
house^^ ® (1914) as a hydrolytic product of methylated cellulose (p. 1552). 
These workers^^^ (1917) considered that the second position was 
occupied because the substance formed no osazone, and that the third 
carbon was methylated because, on cyanohydrin formation, demethyla- 
tion occurred with the formation of a dimethyl lactone (II). Haworth 
and Hirst 2^1 (1921) showed that the sugar was convertible into n-tetra- 
methylglucose (III) on further methylation and hydrolysis. A useful 
derivative of this trimethylglucose was obtained by Schlubach and 
Moog^^^ (1923), when they isolated its jS-methyl glycoside in crystalline 
form. Further support for the third position carrying a methyl group 
was afforded by the isolation of this trimethylglucose from the hydrolysis 
products of methylated lactose by Haworth and Leitch^^^ (1918). 
Since Ruff and Ollendorf ^24 ( 1900 ) had obtained an osazone (VII) from 
the disaccharide (VI) resulting from the degradation of lactose by one 
carbon atom, then position three must be open in lactose. Good proof 

218 Haworth and Hirst, ibid., 1858 (1926). 

21® Denham and Woodhouse, ihid.^ 106 , 2357 (1914). 

220 Denham and Woodhouse. ibid., Ill, 244 (1917). 

221 Haworth and Hirst, ibid., 119 , 193 (1921). 

222 Schlubach and Moog, Ber., 66 , 1957 (1923). 

228 Haworth and Leitch, J. Chem. Soc., 113, 197 (1918), 

224 Ruff and OUondorf, Ber., 33, 1806 (1900). 


CHaOMe 


I /OH 




CARBOHYDRATES I 


1461 


that the sixth position was occupied was provided by Irvine and Hirst 
(1922), who obtained a crystalline lead salt of a dime thy Isaccharic acid 
(IV) on nitric acid oxidation of this trimethylglucose. 
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2^3y4-Trimethylglucose, This syrupy sugar (I) was first isolated as 
its a-methylglycoside by Purdie and Irvine- (1903) through the par- 
tial methylation of a-niethylglucoside. These workers converted it to 
n-tetramethylglucose (III) by further methylation and hydrolysis. 

Irvine and Hiret, J. Chem. Soc., 121, 1213 (1922). 

Purdie and Irvine, ibid., 83, 1021 (1903). 
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The free sugar was obtained by Purdie and Bridgett22 7 (1903). It is 
best characterized as its crystalline jS-methylglycoside (II) described by 
Irvine and Oldham^ (1921). Irvine and Dick^^® (1919) showed that 
the sixth position was open by obtaining a trimethylsaccharic acid (IV) 
on nitric acid oxidation. Conclusive proof of the structure of this 
substance was given by Irvine and Oldham (1925) by obtaining its 
crystalline /9-methylglycoside (II) on methylation of the crystalline iS- 
methylglucoside-6-bromohydrin (VII) of E. Fischer and subsequent 
hydrolysis of the bromine atom. This structure was confirmed by 
Charlton, Haworth, and Herbert^-^^ (1931) by obtaining the crystalline 
methylamide of i-xylotrimethoxyglutaric acid (V) and the crystalline 
methyl ester of 2,3,4-trimethylsaccharolactone (IV) on nitric acid 
oxidation. 
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Purdie and Bridgett, ibid., 83 , 1037 (1903). 

*28 Irvine and Oldham, ibid., 119 , 1744 (1921). 

*20 Irvine and Dick, ibid., 116 , 693 (1919). 

2^® Irvine and Oldham, ibid., 127 , 2729 (1925). 

Charlton, Haworth, and Herbert, ibid., 2866 (1931). 
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Determination of the Structures of the Common Disaccharides. 

M aUose {4^drGlucopyranosyUa-d-glucopyranoside ) . 



CH 2 OH 


CH 2 OH 


Maltose was isolated by de Saussure^^^ (1819) and is produced along 
with dextrins by the diastatic degradation of starch. It is reducing and 
produces two moles of d-glucose on hydrolysis. Its hydrolytic enzyme is 
maltasc, and the sugar is therefore considered to possess an a-disac- 
charide linkage. E. Fischer had classified glycosides on the basis of 
enzyme specificity, the a-fonn being the one hydrolyzed by maltase 
and the /3-isomer the one split by emulsin. This useful principle is not 
always of general application. 

As early as 1905, Purdie and Irvine methylated maltose by the 
silver oxide method. Although oxidation occurred during the methyla- 
tion process, they succeeded in isolating crystalline ?i-tetramethylglucose 
as a hydrolytic product of their methylated substance. Haworth and 
Leitch^^^ (1919) obtained a completely methylated and unoxidized 
maltose structure by the methyl sulfate procedure, and on hydrolysis of 
their methylheptamethylmaltoside they verified the results of Purdie 
and Irvine by obtaining n-tetramethylglucose. The second hydrolytic 
product was isolated in crystalline form and identified as 2,3,6-trimethyl- 
glucose in 1926 (Irvine and Black Cooper, Haworth, and Peat-^*^). 

The isolation of 2,3, 6-t rime thylglucose as a hydrolytic product of 
a disaccharide does not definitely complete the structural determination, 
since the glucose molecule in the reducing portion might exist in either 
the pyranose or furanose form. It is necessary to prove that one of the 
two positions, four or five, is involved in the glycosiJic linkage and 

*”de Sauasure, Ann. chim. phye., [2] 11 , 379 (1819). 

Purdie and -Irvine, J. Chem. <Soc., 87, 1022 (1906). 

Haworth and Leitch, ibid.. 115 , 809 (1919). 

*« Irvine and Black, tWd.. 862 (1926). 

Cooper, Haworth, and Peat, ibid., 876 (1926). 
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CH20Me 

2,3,6-Trimethylglucose 


CH20Me 

n-Tetramethylglucose 


the other is involved in the lactol structure. Definite allocation of the 
disaccharide hnkage was made by Haworth and Peat^^^ (1926), who 
eliminated the troublesome ring in the reducing portion of the maltose 
molecule through oxidation to the bionic acid. Calcium maltobionate 
was methylated to form methyl octamethylmaltobionate, and on acid 
hydrolysis this yielded crystalline n-tetramethylglucose and 2, 3,5,6- 
tetramethylgluconic acid, isolated as its crystalline phenylhydrazide 
(p. 1465). The structure of the latter follows from its previous for- 
mation by the hypobromite oxidation of tetramethylglucofuranose. 

Cellobiose {^-d-gluco'pyranosyUp-d-gluco'pyranoside) . 

Skraup and Konig^^s (1901) obtained this sugar in crystalline form 
by the saponification of its crystalline octaacetate, which had been 
prepared previously by Franchimont^^® (1879) from the acetolysis of 
cellulose with acetic anhydride and sulfuric acid. The free sugar is 
readily obtained crystalline from the saponification of its acetate by 

Haworth and Peat, ibid., 3094 (1926). 

Skraup and Konig, Ber., 84 , 1116 (1901). 

28® Franchimont, Ber., 12 , 1941 (1879). 
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sodium ethylate according to Zempl^n-*^® (1926). As the best evidence 
indicates that this sugar is preformed in the cellulose molecule its struc- 
ture is of fundamental importance. It is reducing and is hydrolyzed by 
acid or by emulsin into two moles of glucose. Accordingly it has a 
^?-disaccharide configuration. 

It differs from maltose only in its glycosidic configuration, and 



inaOH inaOH 

Cellobiose 

**®Zempl6n, Bcr., 5d, 1258 (1926); Zempl^n, Gerecs, and Haddcsy, Bcr.. 69, 1827 
(1936). 
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similar methylation procedures were used to prove this point. Crystal- 
line a-cellobiose octaacetate was simultaneously deacetylated and 
methylated with methyl sulfate and alkali by Haworth and Hirst 
(1921) to form a crystalline methylheptarnethylcellobioside, which on 
hydrolysis produced crystalline ?i-tetramethylglucose and the crystalline 
2,3,6-trimethylglucose of Denham and Woodhouse. 

As with maltose, these results limited the disaccharide linkage to 
carbon atoms four or five of the glucose molecule. Evidence for the 
selection of carbon four was given by Haworth, Long, and Plant 
(1927). Cellobiose was oxidized to calcium cellobionate, and this 
on complete methylation produced methyl octamethylcellobionate. 
Hydrolysis of the latter produced n-tetramethylglucose and 2,3,5 ,6- 
tetramethylgluconolactone, which in this case was isolated in crystalline 
condition (m. p. 26-27°) and also as its crystalline phenylhydrazide. 
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Lactose {4~d-GlucopyranosyUfi-d~galactopyra?ioside ) . 
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Lactose or sugar of milk is one of the most common of the disac- 
charides. It is probably present in the milk of all mammals and is pre- 

Haworth and Hirst, J. Chem. Soc., 119, 193 (1921). 

Haworth, Long, and Plant, ibid., 2809 (1927). 
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pared commercially in considerable quantity from cow's milk. It is 
readily crystallized as the a-hydrate, but the iS-form is also known, and 
this form is sweeter and more soluble than the a-isomer. Two disac- 
charides isomeric with lactose have been isolated from human milk by 
Polonovski and LespagnoP*^^ (1930; 1931). Lactose was recorded in 
1633 by the physician Fabriccio Bartoleti,^^^ in Bologna, although his 
publication would seem to indicate that it was previously known. It 
produces one mole of glucose and one mole of galactose on acid hydrolysis 
and is a reducing sugar. It is not hydrolyzed by maltase but is hydro- 
lyzed by lactase. The recent extensive investigations of Helferich have 
shown that lactase is identical with the jS-glucosidase of emulsin. The 
sugar thus possesses a /^-configuration, and this is supported by the 
calculations of Hudson on its optical rotatory power. 

The structure of lactose was proved by Haworth in a manner similar 
to that used for the preceding sugars. Haworth and Leitch-^*^ (1918) 
prepared and hydrolyzed crystalline methylheptamethyllactoside to 
produce n-tetramethylgalactose, isolated as the crystalline anilide, and 
the crystalline 2,3,6-trimethylglucose of Denham and Woodhouse. In 
1927, Haworth and Long^^^ oxidized lactose to barium lactobionate 
and methylated this product to form the syrupy methyl octamethyl- 
lactobionate which on hydrolysis produced n-tetramethylgalactose, 
isolated in this case in crystalline condition, and 2,3,5,6-tetramethyl- 
gluconolactone, isolated in crystalhne fonn and also as its crystalline 
pheny Ihydrazide . 

Geniiobiose (6-d-GlucopyranosyUp-d-glucopyranoside ) . 



Polonovski and Lespagnol, Compt. rend. eoc. biol., 104 , 663 (1930); Compt. rend., 
192 , 1319 (1931). 

Bartoleti, “ Methodus in dyspnoeam — 400 (1633); c/., von Lippmann, “ Ge- 
Hchiohte des Zuckers," 2nd ed,. Springer, Berlin (1929), p. 688. 

Haworth and Leitch, J. Chem. Soc., 113 , 188 (1918). 

Haworth and Long, ibid., 644 (1927). 
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A. Meyer (1882) isolated a crystalline non-reducing trisaocharide 
from the gentian root (Gerdiana luted) and named it gentianose. Bour- 
quelot and H^rissey^^® (1901) found that weak acids split off one mole 
of fructose and leave a disaccharide which they named gentiobiose. 
This disaccharide is reducing and produces two moles of glucose on 
further hydrolysis. According to the Fischer principle, gentiobiose has 
a ;8-linkage, since it is hydrolyzed by emulsin. The classical work of 
Bourquelot on the reversal of hydrolytic enzyme reactions has provided 
a method for the synthesis of gentiobiose (1913) from glucose and 
emulsin. 

It is now agreed that gentiobiose is the disaccharide component of 
amygdalin, the glycoside of bitter almonds. This solution was reached 
independently in 1924 by a number of workers. By the application of 
the isorotation rules Hudson-®** calculated that the biose of amygdalin 
must be gentiobio.se. This was confirmed synthetically by Zempl4n,*^®^ 
Kuhn and Sobotka,**®*^ and by Campbell and Haworth,*^®® the attach- 
ment of the sugar being effected by acetobromogentiobiose. Amygdalin 
is now known to be l-mandelonitrile-/3-gentiobioside. Gentiobiose 
octaacetate may be prepared from acetylated amygdalin by catalytic 
hydrogenation (Bergmann and W. Freudenbcrg,*^®^ 1929) and further 
acetylation. 

Haworth and Wylam^®® (1923) obtained a crystalline methyl- 
heptamethylgentiobioside by the complete methylation of gentiobiose, 
and this on acid hydrolysis produced crystalline n-tetramethylglucose 
and 2,3,4-trimethylglucose, identified as its crystalline /3-methylglyco- 
side. This indicated that the disaccharide linkage was on carbon six 
and the sugar ring on carbon five, or vice versa with the probability in 
favor of the former. Later synthetic experiments decided the carbon 
six disaccharide linkage. 

The synthetic work of Helferich-®® and his collaborators (1924-1926) 
has confirmed the structure of gentiobiose as G-glucosidoglucose. 
Helferich found that triphenylmethyl chloride (called by him trityl 
chloride) reacted preferentially with primary alcohol groups. Glucose 
reacted with trityl chloride to form a 6-monotrityl ether, the allocation 

Meyer, Z. physiol, Chem., 6 , 135 (1882). 

Bourquelot and H6rissoy, Compt. re?id., 132, 571 (1901). 

Bourquelot, H^rissey, and Coirre, ibid., 167, 732 (1913). 

Hudson, J. Am. Chem. Soc., 46, 483 (1924). 

Zempl6n and Kunz, Ber., 67, 1357 (1924). 

Kuhn and Sobotka, Ber., 67, 1767 (1924). 

2^* Campbell and Haworth, J, Chem. Soc., 126, 1337 (1924). 

2** Bergmann and W. Freudenberg, Ber., 62, 2783 (1929). 

Haworth and Wylam, J. Chem, Soc., 123, 3120 (1923). 

Helferich, Z. angew. Chem., 41, 871 (1928); aumuawwiug paper. 
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being proved by treatment with phosphorus pentabromide to form 
derivatives of 6-bromogluoose. Fischer and Amistrong^^^ ( 1902 ) had 
previously obtained derivatives of this substance, and Fischer and 
Zach^^® (1912) had determined that the bromine was on the terminal 
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carbon atom by reduction to the methylpentose isorhamnose. Helferich 
acotylated 6-tritylglucose and then removed the trityl group by mild 
treatment with hydrogen bromide, thus obtaining a glucose structure 
with only the sixth position open. Reaction with acetobromoglucose 
produced gentiobiose octaacetate, the /3-configuration being also con- 
firmed by the well-established fact that acetobromoglucose produces 
only jS-gly cosides. 

By analogous synthetic methods, Helferich and Rauch (1927) 
showed that the rare crystalline disaccharide primeverose was 6-xylosido- 
glucose. This sugar had been obtained from primeverin^®^ (1912), a 
glycoside isolated from the roots of Primula officinalis. 

Fischer and Armstrong, Ber., S5, 833 (1902). 

Fischer and Zach, Ber., 45. 3761 (1912). 

Helferich and Rauch, Ann., 455, 168 (1927). 

Goris, Mascr^, and Vischniac, BuZf. set. pharmacoL, 19, 677 (1912); Goris and 
Vischniac, Bull. aoe. chim., [4] 27, 268 (1920). 
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M elibiose {O-d-GlucopyranosyUa-d-galactopyranoside ) . 



The non-reducing and readily crystallizable trisaccharide raffinose 
was isolated by J. F. W. Johnston^®^ (1843) from Australian eucalyptus 
manna. It was later isolated from beet-sugar refinery molasses by 


Johnston, J. prakt. Chem,^ 29 , 485 (1843). 
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Loiseau^®^ (1876) and from cottonseed hulls by Ritthausen^^^'*^ (1884). 
Its complete hydrolytic products are glucose, fructose, and galactose, 
but the fructose may be selectively hydrolyzt^d by invertase, leaving the 
reducing disaccharide melibiose. The latter observation was first made 
by M. Berthelot^^'^ (1856) but was discredited, and the? crystalline 
melibiose was not obtained until 1899 by Bau.-^’ "^ The best evidence at 
present points to the disaccharide linkage being of the a-configura- 
tion. 

Haworth, Loach, and Long^^'^' (1927) oxidized melibiose to the bionic 
acid and completely nudhylated this to the syrupy methyl octamethyl- 
rnelibionate. On acid hydrolysis this produced n-tetramethylgalactose, 
isolated as the crystalline anilide, and a syrupy tetramethylgluconic 
acid. Nitric acid oxidation of the latter yielded a crystalline methyl 
tetramethylsaccharate, previously obtained by Karrer and Peyer-^’’^ 
(1922) from saccharic acid. Consequently the tetramethylgluconic acid 
wiis 2,3,4,5-tetramethylgluconic acid, and the constitution of melibiose 
was proved to be 6-galactosidoglucose. 
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*«*Loi8eau. Compt. rend., 82 , 1058 (1876); Ber., 9 , 732 <1876). 

Ritthausen, J. prakt. Chem., [2] 29 , 351 (1884). 

Berthelot, Ann. chim. phys., [31 46 , 66 (1856). 

»«®Bau, Wochechr. Brau., 16 , 397 (1899); [Chem. Zentr. (II), 526 (1899)]. 

Haworth, Loach, and Long, J. Chem. Soc., 3146 (1927). 

287 Karrer and Peyer, Helv. Chim. Acta, 5 , 577 (1922). 
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Sucrose {l-a-d-glucopyranosyl-P-d-fructofuranoside). 
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Sucrose or common table sugar has long been known. This sugar is 
very widely distributed in the plant kingdom and is apparently the 
transport form of carbohydrate for many plants, as d-glucose is for the 
animal. The main commercial sources are the sugar cane and the sugar 
beet, and the final product is sold to the consumer in a very high degree 
of purity. 

Sucrose is a non-reducing disaccharide, and this fact solves immedi- 
ately the points of attachment of its component sugars as being through 
their glycosidic carbon atoms. It is hydrolyzed with great ease by dilute 
acids and also by its enzyme inv('rtase to produce one mole each of 
glucose and fructose. The stereochemical nature of the two glycosidic 
linkages has not been determined definitely, but the evidence points to 
an a-linkage for the glucose component and to a /5-linkage for the 
fructose portion. From a study of the kinetics of sucrose hydrolysis by 
concentrated solutions of invertase at low temperatures, Hudson^®® 
(1909) considered that the glucose component was a-glucose and that 
the fructose component was a new form of fructose. 

Purdie and Irvine (1903) isolated n-tetramethylglucose on 
hydrolysis of a methylated product obtained by the methylation of 
sucrose by the Purdie silver oxide method. Haw^orth^"® (1915) pre- 
pared a completely methylated octamethylsucrose, succeeding in this 
by using successively the methyl sulfate and Purdie alkylation pro- 
cedures. Sucrose tends to stop methylation at the heptamethyl stage, 
the eighth methyl group entering with difficulty. Haworth and Law^^^ 
(1916) hydrolyzed this octamethylsucrose under the mildest possible 
conditions and separated the hydrolytic products by high vacuum dis- 

Hudson, J. Am. Chem. Soc., 81 , 655 (1909). 

269 purfiio and Irvine, J. Chem. Soc., 83, 1021 (1903). 

270 Haworth, ibid., 107 , 12 (1915). 

271 Haworth and Law, ibid., 109 , 1314 (1916). 
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tillation. Crystalline n-tetramethylglucose was obtained from the 
higher-boiling fraction. The lower-boiling fraction proved to be a 
dextrorotatory tetramethyl hexose which was not identical with the 
crystalline and highly levorotatory n-tetramethylfructose of Purdie and 
Paul. Consequently, the fructose component of sucrose must possess a 
different ring structure from that of ordinary fructose. The ring struc- 
ture of this so-called 7 -fructose was found to be of the furanose ( 2 , 5 -) 
type by Avery, Haworth, and Hirst^^^ (1927). Haworth^^^ (1920) 
found that the readily obtainable heptamethylsucrose contained a fully 
methylated fructose portion. H(^ptamethylsucrose was accordingly 
used as the best source of 7 -tetramethylfructose. 

In the work of Avery, Haworth, and Hirst, the S 3 Tupy 7 -tetramethyl- 
fructose (I), obtained by the mild acid hydrolysis of heptamethylsucrose, 
was oxidized with nitric acid and the oxidation product (II) isolated as 
the ethyl ester. This substance w^as a lactol or glucosonic acid which 
could be methylated to form a non-reducing glycoside, and this in turn 
produced a crystalline amide. Oxidation of the lactol acid (II) with 
barium permanganate in acid solution yic^khal the crystalline (m. p. 29°) 
trimethyl- 7 -d-arabonolactone (III). The enantiomorph of this had 
been previously obtained by Baker and Haworth (1925) from tri- 
methyW-arabinofuranos(', Nitric acid oxidation of this lactone yielded 
(levo)-dimethoxysuccinic acid (IV), characterized as its crystalline 
amide and methylamid(‘. This very excellent oxidation work definitely 
characterizes the fructose component of sucrose as c/-fructofuranose. 
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Avery, Haworth, and Hirst, ilrid., 2308 (1027). 
*73 Haworth, ilnd„ 117 , 199 (1920). 

*7^ Baker and Haworth, ihid., 127 , 365 (1925). 
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TRI- AND TETRASACCHARIDES 

Raffinose is the most important of the trisaccharides and was 
methylated by Haworth, Hirst, and Ruell^^® (1923) to the syrupy hen- 
decamethylraflinose. On hydrolysis this produced tetramethylfructo- 
furanose, tetramethylgalactopyranose, and 2,3,4-trimethylglucose. The 
second component was isolated as its crystalline anilide, and the third 
as its crystalline jS-methylglycoside. This is in agreement with the work 
of Neuberg^^^ (1907), who showed that the trisaccharide is split enzy- 
matically into one mole of sucrose and one mole of galactose. Since 
dilute acids produce mclibiose and fructose, the constitution of raffinose 
follows. 
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The trisaccharide gentianose has been previously discussed under 
gentiobiose. Melezitose was isolated by Bonastre^^* (1833) from the 
exudation of the larch. It occurs occasionally in honey. Melezitose 
is a non-reducing sugar, and mild acid hydrolysis produces one mole of 
glucose and one mole of turanose. The latter produces one mole each 
of glucose and fructose, on further hydrolysis. Turanose has long been 
known, but has only recently been crystallized. - 79 isomer of 

sucrose in which fructose comprises the reducing portion. 

An interesting sugar is the non-reducing tetrasaccharide stachyose 
isolated in crystalline condition by Schulze and von Planta^®® (1890) 
from the tubers of the Japanese artichoke {Stocky s tuberifera). Hydroly- 

Haworth, Hirst, and Ruoll, ibid.., 123 , 3125 (1923). 

Neuborg, Biochem. Z., 3, 519 (1907). 

27* Bonastre, J. de Pharm., T. II, 19, 443 (1833). 

270 Hudson, Brauns, and Pacsu, Science, 69 , 278 (1929). 

280 V. Planta and Schulze, Bcr., 23 , 1692 (1890). 
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sis produces one mole of fructose, one of glucose, and two moles of 
galactose. Onuki^®^ (1932; 1933) has produced evidence from methyla- 
tion studies that stachyose can be represented by the following formula: 
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SUBSTITUTED SUGARS 

The preceding chapter has been concerned with the structures of 
the carbohydrates and the methods involved in determining them, and 
with certain of the reactions of the sugars. The present chapter will 
devote less attention to questions of structure and configuration, but 
will discuss certain substituted and derived sugars, and will consider 
some of their isomerizations and degradations. 

In many branches of organic chemistry, the original interest of 
the subject was either the elucidation of the structure of naturally 
occurring substances or an inquiry into biological processes. This 
is particularly true in respect to carbohydrate chemistry, and, although 
often obscured by the tremendous complexity of the field, the basic 
interest may be attributed to the extensive distribution in nature of 
carbohydrates and their derivatives and to their extremely important 
biological functions. The present discussion will consider the subject 
from this viewpoint, and will devote particular attention to those 
substances which are of biological as well as of cliemical interest. 

Esters. A number of carbohydrate derivatives which might be 
considered of minor chemical importance achieve a significance through 
their biological associations, and to this class belong many of the esters. 
Thus while the acetyl and benzoyl esters which have been previously 
discussed are only infrequently of biological interest, the phosphoric 
esters on the other hand are of extreme importance and of wide distribu- 
tion in nature. Some of them have been discovered in muscle metab- 
olism, several have been isolated from fermentation processes, to 
which they are essential, and a further group are constituents of the 
nucleic acids (p. 1011). The related glycerol phosphate is a constituent 
of certain lipides, and the likewise-related phosphoglyceric acid is foimd 
in the blood in significant amounts. These last two compounds have 
further important functions which will be discussed under fermentations. 

From studies on fermentation and on muscle enzymes a number of 
phospho esters have been reported from time to time, but they have 
not all been authenticated since there is considerable difficulty in securing 
them in pure state. Three hexose esters for which the structures have 
been established are the Harden-Young diphosphate (fructose- 1,6- 
diphosphate), the Robison monophosphate (glucose-G-phosphate), and 
the Neuberg ester (fructose-6-phosphate). Two additional fermentation 
esters which have been much less investigated are a mannose phosphate 
and a trehalose phosphate which yields the Robison ester on hydrolysis 
and must, therefore, be trehalose-6-monophosphate. In the pentose 
series, ribose-3- and 5-phosphates have been secured from yeast nucleic 
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acid degradations, but the 2-desoxyribo8e phosphate which must be the 
corresponding constituent of thymus nucleic acid has not as yet been 
isolated. In very recent years the great activity in the field of fermenta- 
tion research has led to the isolation of the triose phosphate's ; dihydroxy- 
acetone phosphate, and glyceraldehyde-2- and 3-phosphat('s. 

Partly in connection with structural studies on the? above esters, 
but mostly because of researches on the possible functions of the phos- 
phoric esters in nature, a number of synthetic phosphates have been 
prepared. The procedure usually consists in the treatment of a partially 
substituted carbohydrate with phosphorus oxychloride in the presence 
of dry quinoline or pyridine or some aqueous alkali. The directing 
substituents are then removed; the product is isolated and may be 
purified by precipitation of its barium or calcium salt or by crystalliza- 
tion of its alkaloidal salts. As a typical example^ there may be 
illustrated the synthesis of glucose-3-phosphate through the interme- 
diary of diacetoneglucose (p. 1425): 
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The method is general and requires only that the appropriate partially 
substituted derivative be available, and that removal of the directing 
substituents be possible under conditions which leave the phospho 
group intact. These requirements have been met in a number of 
instances, and in this manner there have been synthesized the Robison 
ester mentioned above, as well as glucose-1-, 3-, 4-, and 5-phosphates, 
leaving only the 2-phosphate unknown in the glucose series. Fructose-l- 
and 3-phosphates, galactose-6-phosphate, (^-ribose-5-phosphate (and inci- 
dentally uridine- and inosine-5-phosphates), (i-xylose-5-phosphate, and 
all three of the triose phosphates previously mentioned have been 
likewise synthesized. There has been reported the synthesis by less 
clear-cut procedures of the Harden- Young diphosphate and the Neuberg 

‘Leven/and Meyer, J. Bid. Chem., 53, 431 (1922); Komatsu and Nodzu, Mem. 
Coll. Sci. Kyoto Imp. Univ., 7, Series A, 377 (1924); Nodzu, J. Biochem. (Japan), 6, 31 
(1926); Raymond and Levene, J. Bid. Chem., 83, 619 (1929). 
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monophosphate. Attempts to synthesize d-xylose-S-phosphate resulted 
instead in the 5-phosphate, migration of the phospho group having 
apparently occurred during removal of the directing groups. This is 
the only recorded instance of non-enzymic migration of a phospho group, 
although migration of other substituents is not uncommon. 

In the above syntheses it has been assumed that the phosphorylation 
was not attended by Walden inversion, and in this connection it is 
desirable to refer to Robinson ^s assumption ^ as to the origin of certain 
sugars in nature. In experiments on hydrolysis of sugar esters, par- 
ticularly the tosyl * esters, it has been observed that frequently, although 
not invariably, there occurs a Walden inversion (pp. 197, 1844), resulting 
in the formation of a new sugar. Thus, considering only the carbon 
atom in question: 

I I Hydrolysis with J 

HCOH HCOR > HOCH 

I I Walden inversion | 

Robinson has suggested that in nature certain sugar esters such as the 
phosphates are formed, and are then similarly hydrolyzed with attendant 
Walden inversion, thus producing a new sugar. In this way glucose 
could yield glucose-4-phosphate and then on hydrolysis could give rise to 
galactose, thus accounting for the origin of this sugar. Against this 
ingenious explanation it should be observed that in all investigations 
thus far, enzymic dephosphorylation has not produced any sugar other 
than that originally phosphorylated. Although this docs not exclude 
the possibility that some system actually exists in nature where this 
change takes place, the reaction has not as yet been demonstrated. 

A second group of esters, owing their particular interest to their 
biological origin, are the sulfuric esters^ which occur as constituents 
of the mucoproteins and in certain seaweeds. In the mucoproteins the 
non-protein portion has been found to be a complex of glucuronic acid, 
acetic acid, sulfuric acid, and an aminohexose (chondrosamine or chito- 
samine). In these compounds the sulfuric acid is apparently attached 
to a hydroxyl of the hexosamine, but since this sulfuric linkage is most 
easily severed, the degradation products are all sulfate-free so the point 
of attachment has not been definitely established. A few synthetic 
sulfate esters have been prepared by a method analogous to that 
for the phosphate esters except that the phosphorus oxychloride is 

* Robinson, Nature, 120 , 44 (1927). 

* “ Tosyl ” will be used throughout this chapter as an abbreviation for the p-toluene- 
Bulfcnyl group, and TIS will be used in formulas, 

* Levene, “ Hexosamines and Mucoproteins,” Longmans, Green, and Co., London 
( 1925 ). 
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replaced by chlorosulfonic acid or sulfuryl chloride. In this manner 
there have been prepared derivatives of glucose-3-, 6-, and possibly 
5-sulfates, and fructose- 1- and 3-sulfates. Certain of these esters have 
been studied by Ohle and co-workers, who consider that the oxidation 
mechanism of fructose sulfuric (and phosphoric) esters affords insight 
into the biological processes of carbohydrate degradation. 

A further group of naturally occurring esters is that of the tannins. 
These substances were reported to contain glucose, and, although this 
was disputed, it seems confirmed by the best available evidence. On the 
assumption that the small glucose content was due to the presence of 
several digalloyl residues, Fischer synthesized pentagalloyl- and penta- 
digalloylglucose and found them to be similar in properties to the nat- 
ural galloyl tannins,^"* Another synthetic derivative, 1-galloylglucose, 
has been found to be identical in every respect with a natural product 
which is associated with the tannins, and a crystalline tannin has been 
isolated which is apparently a digalloylglucose. In thc^se esters one 
or more of the carbohydrate hydroxyls are esterified with either gallic, 
CgH 2 (OH) 3 COOH, or digallic acid, HOOCC6H2(OH)20COCoH2(OH)3. 

leaving for the moment the naturally occurring esters, mention 
may be made of the borates, which have received attention recently. 
From a synthetic standpoint they are of particular interest because in 
them the substitution is frequently in positions which are different from 
those of the other common substituting groups. Metaboric acid is 
employed in the condensations, and two hydroxyls are usually involved 

CHOv 


The linkage is easily severed by acid hydrolysis when 


desired so that the preparation of new, partially substituted derivatives 
is facilitated.^ 

A final type of ester w’hich needs consideration is that of the ortho- 
acetates. These were first discovered in preparing a glycosid(' from 
acetobromorhamnose and methyl alcohol in the presence of silver 
carbonate. They differ from the normal glycosides usually produced 
by this reaction, being characterized by having one acetyl group resistant 
to even vigorous alkaline hydrolysis. On the other hand this acetyl 
and the methyl group are hydrolyzed by the mildest acid treatment, and 

Fischer and Freudenberg, Ber,, 45 , 915 (1912); Fischer and Bergmann, Ber., 
61 , 1760 (1918); Bcr., 62 , 829 (1919). 

< Brigl and Grtiner, Ann., 496 , 60 (1932); Bcr., 66 , 1977 (1933); Ber., 67 , 1969 (1934); 
von Vargha, Ber., 66 , 704, 1394 (1933). 

Fischer, Bergmann, and Kabe, Ber., 63 , 2386 (1920) 
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on this account they were considered to be furanosides, with one acetyl 
group unaccountably stabilized. The correct explanation was indi- 
cated by Braun ^ from a study of ultra-violet absorption bands; the 
subject was then further studied by Freudenberg and, at about the same 
time, by Haworth. It was thus shown that one acetyl group is in the 
orthoacetate form, being attached to two of the sugar hydroxyls and 
to the methyl group. 

r-CHO. /OCH 3 

I I X 

0 CH()/ ^CHa 


CHOCOCH 3 


It is of great interest that the formation of the orthoacetates is, for 
some unknown reason, facilitated by having cis hydroxyls on carbons 
two and three of the sugar, so that the orthoacetate is the dominant 
reaction product with the sugars falling in this category. It luis also 
been observed, however, with sugars not belonging to this type, for 
example, in the disaccharide turanose. This sugar is of further interest 
since Pacsu^ claims to have secured the two orthoacetates which would 
be expected because a new asymmetric carbon has been created in the 
orthoacetate. 

A further example of these derivatives has been provided by 
Isbell,^ who was able to hydrolyze^ the methyl group in heptaacetyl- 
4-glucosidomethylmannoside. The resultant compound differed from 
the ordinary glucosidomannose heptaacetates in that it exhibited no 
mutarotation, and this was interpreted by Isbell as being due to an 
orthoacetate structure. 
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In connection with the orthoacetates there may be considered the 
migration of acyl substituents which has been observed, and has been 
assumed to pass through the ortho form as an intermediate. For 
example, the migration of the benzoyl group from position three to six 

* Braun, Naturwissenach^ften, 18, 393 (1930); J5er., 63, 1972 (1930); Freudenberg, 
Naturwiaamachaften, 18, 393 (1930); Freudenberg and Scholz, Ber., 63, 1969 (1930); 
Haworth, Hirst, and Miller, J. Chem. Soc., 2469 (1929); Bott, Haworth, and Hirst, ibid., 
1393 (1930). 

«Pac8U, J. Am. Chem. Soc.. 64, 3649 (1932); see, also, Goebel and Babers, J. Biol. 
Chem., 110 , 707 (1935). 

^ Isbell, J. Reaearch Nat. Bur. Siandarda, 7, 111.5 (1931). 
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in monoacetoneglucose, for which reaction Josephson has provided some 
excellent data on rates, may be written as follows : 
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Similar mechanisms have been assumed for other migrations^ of this 
type. Acetyl groups, as well jis benzoyl groups, have frequently hi^en 
found to undergo such migrations. On the other hand only one migra- 
tion of a phospho group in the sugars has been described. There seems to 
b(‘ no authenticatfKl instance in the literature of any such migration of 
alkyl groups, A single example which is of considerable interest, but of a 
different type, is that reportinl by Ohle,^ who observed intermolecular 
migration of a tosyl group: a monotosyl derivative, on treatment with 
ammonia, was found to give rise to a ditosyl derivative, a pi^rt of the 
material having tosylated the remainder. 

The\se migrations are of major importance in considerations of 
structure, and it is necessary to be extremely cautious in basing conclu- 
sions upon positions of th(' original substituents, which may have been 
altered by the subsequent reactions. 

Thio Sugars. Turning from the esters of the sugars to other deriva- 
tives occurring in nature, mention may be made of the thio sugars. 
Apart from the fairly prevalent thioglucosides only one thio sugar from 
a natural source is known, and this is the thiomethylpentose which 
occurs in yeast. It is combined Jis an adenosine nucleoside, but its 
structure hits not yet been established beyond question. Along syn- 
thetic lines there have been only two studies on sugars in which the 
thio group is non-glycosidic, that of Freudenberg on 3-thio- and 3-thio- 
methylglucose, and that of Raymond on certain sugars in which the 
thiomethyl group was substituted for the primary hydroxyl. 

In the first of these investigations, diacetoneglucose converted 
to the xanthogenate, which was methylated, isomerized by heating, 
hydrolyzed to the thiodiacetoneglucose, and re-methylated to thiomethyl- 

® Helferich and Klein, Ann., 456 , 173 (1927); Haworth, Hirst, and Teeoe, J. Chem. 
Soc., 1406 (1930); 2858 (1931); Helferich and Mttller, Ber., 63 , 2142 (1930); Josephson, 
Svenak Kem. Tid., 41 , 99 (1929); Ber., 63 , 3089 (1930). 

® Ohle and Lichtenstein, Ber., 63 , 2905 (1930). 



1484 


ORGANIC CHEMISTRY 


diacetoneglucose. Acid hydrolysis removed the acetone groups, giving 
the free thio- or thiomethylhexose: 


N CH I 

CiaHiaOsOH > Ci2Hi9050CSSNa ^ C12H19O6OCSSCH3 

CS2 

Diacetoneglucose 


-5^ Ci2Hi906SCOSCH3^^5^ Ci2Hi906SH-^ Ci2H,905SCH3 

3-Thiomethyl-^ 

diacetoneglucose 

C 12 H 19 O 5 SH CeHnOsSH 

Hydrolysis 

C 12 H 19 O 5 SCH 3 — ^ C 6 H„ 05 SCH 3 


In the second research, 3,5-anhydromonoacetonexylose and 5,6- 
anhydromonoacetoneglucose were heated with the sodium salt of the 
appropriate alkyl mercaptan. The anhydro ring was thus opened by 
addition of the mercaptan, which apparently became attached to the 
terminal carbon. 


R 


R 


^CH CHjSH HOCH 


R' 

I 

HCv 


R' 


0 < HCOH 


HCOH 

I 

CH 2 SCH 3 


CaH^SH HCOH 

I /O * 1 

CH 2 / CH 2 SC 2 H 5 


^CH2 

3,5-Anhydro- 5-Thiomethyl- 5,6-Anhydro- 6-Thioethyl- 

monoacetonexylose monoacetonexylose ‘monoacetoneglucoee monoacetoneglucose 


In each of these investigations it was assumed, without experimental 
confirmation, that Walden inversion had not occurred, and that the 
thio compound had the configuration of the original sugar. 

Amino Sugars. The amino sugars ^ are rather widely distributed 
in nature, particularly as constituents of rnuco- and other proteins, and 
of the polysaccharide, chitin. All the naturally occurring amino sugars 
are hexoses, and the amino group is invariably on the second carbon 
atom. Inasmuch as at the present time there is no direct method of 
establishing the point at which a Walden inversion occurs, the con- 
figuration of these compounds cannot be definitely stated. However, 
on the basis of indirect evidence there seems to be general agreement that 
chitosamine has the configuration of d-glucose, epichitosamine that of 
d-mannose, and chondrosamine that of d-galactose. The synthesis of this 
group of compounds has been effected by adding ammonia and hydrogen 
cyanide to the appropriate pentose, hydrolyzing the product to the acid, 
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separating the two epimers, converting to the lactone, and reducing 
to the aminohexose: 


CHO 

(inoH). 

^HjOH 


CN COOH COOH 

I I JL 

CHNHj HCNHj HjNCH 
d^HsOH diHaOH djHaOH 


CHO CHO 

ndlNHa HaN^H 
I + I 

(CHOH), (CHOH), 

CHaOH iflaOH 


In this way all eight possible 2-amino-d-hexonic acids have been pre- 
pared, but only four of the possible 2-amino-d-hexoses are known. 

In many respects these amino sugars resemble the ordinary sugars. 
Benzylidene derivatives have been prepared as well as certain of the 
pentaacetates, oximes, semicarbazones, and phenylhydrazones. The 
acetobromo derivative of chitosamine has been obtained and with 
phenols gives ordinary pyranosides, hydrolyzable by emulsin. With 
methyl alcohol, however, the glycoside which is secured is abnormal 
in that the methyl group is extremely resistant to acid hydrolysis and is 
not hydrolyzed by emulsin.^® Further methylation of the glycoside 
gives a dimethylaminomethylglycoside, and this on alkaline hydrolysis 
loses methyl and amino groups and is convc^rted to glucose. This scries 
of reactions has been interpreted by assuming that the original methyl- 

I 0 I 

glycoside is really the cyclic compound CH 2 OHCHCHOHCHOHCHCH 

CH 3 N-O 

which on methylation and hydrolysis loses the N(CH 3)3 group: 

1 0 , 

CH 2 OHCHCHOHCHOHCHCH 

I I 

(CH3)3N— O 

^ CH 2 OHCHOHCHOHCHOHCHOHCHO (Glucose) 

+ 

(CH3)3N 

This reaction is of three-fold interest: first, because it has been used as 
a basis for postulating a structure for the polysaccharide chitin; second, 
because of its possible relationship to the occurrence, in nature, of 
betaine, CH 2 — CO, and similar compounds; and third, because it 

I I 

(CH3)3N O 

would establish, in the absence of any Walden inversion, the configura- 
tion of chitosamine. In this last connection it is interesting to see 
that precisely the opposite correlation (i.e., to mannose) results from a 
Irvine and Hynd, Chem. Soc., 103, 41 (1913). 
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different series of reactions. Thus, if the same aminomethylgly coside 
used above is converted into the benzylidene derivative, and this then 
treated with nitrous acid in the presence of sodium nitrite to avoid 
excess acidity, the methyl and amino groups are simultaneously elimi- 
nated and a benzylidenehexose results. Mild acid hydrolysis removes 
the benzylidene group and mannose is secured. Since glucose resulted 
in the former reaction it is evident that in one or the other a Walden 
inversion has taken place, and in the absence of supplementary data no 
conclusions as to configuration are possible. 

Although the only amino sugars found in nature have the amino 
group in position two, those in which it is in other positions have been 
prepared synthetically. Thus 1-aminoglucose (glucosimine) has been 
obtained from glucose and alcoholic ammonia, and more recently^® 
a general synthesis of the 1-aminoaldose derivatives has been reported 
which involves simply dissolving the aldose in liquid ammonia and evapo- 
rating the excess solvent. On the basis of the behavior of the oximes 
and hydrazones of the aldoses, it may be assumed that these compounds 
can exist both in ring and open-chain forms: 

I O , 

CH 2 OHCHCHOHCHOHCHOHCHNH 2 

or 

CH20HCH0HCH0HCH0HCH0HCH=NH 

However, this problem has not been deeply explored. Another 1-amino 
sugar is the l-aminofnictose which was obtained by Fischer by reducing 
glucosazone with zinc dust and acetic acid: 


RC(=NNHCgH5)CH=NNHC6H5 RCOCH 2 NH 2 

Glucosazone l-Aminofructose 

In addition to these 1-amino sugars, two hexosamines with the amino 
group in position three have been prepared synthetically. The first 
of these is obtained by treatment of 2-bromo-, 2-chloro-, or 2-tosy)- 
/3-methylglucoside with ammonia. In each case the amino 

group becomes attached to carbon three, presumably through inter- 
mediate formation of an anhydro compound: 


0 


-CHOMe 

I 

CHX 

I 

CHOH 

I 

-R 


~HX 


-CHOMe 
CH. 


> 0 I >0 


CH/ 

I 

-R 


■> 0 


-CHOMe 

I 

CHOH 

I 

CHNH 2 

I 

-R 


Muskat, J. Am. Chem. Soc., 66, 69,3 (19,34). 

Fischer, Bergmann, and Schotte, Ber., 63 , 616, 639 (1920). 
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The product was named “ methyl epi glucosamine by Fischer, although 
this nomenclature is unfortunate in that it indicates a 2-aminohexose, 
epimeric with glucosamine. This is quite erroneous as was shown by 
Levene and Meyer, who prepared the osazone and found that the amino 
group had been retained. ^ 

It is evident that, in the above reaction, there is a possibility of 
Walden inversion on either or both of the carbon atoms involved, so 
that the aminohexose might have any one of four possible configurations. 
Of the four, Haworth, has tentatively chosen ^ that of either altrose or 
mannose. An interesting peculiarity of this aminohexose is the behavior 
of its glycoside on attempted acid hydrolysis. Fischer and co-workers 
considered the glycoside to be; non-hydrolyzable, even with rather strong 
acid, as no reducing sugar was secured. This view was corrected by 
Levene, w^ho show^ed that the methyl group was split off in the usual 
fashion, but that the free sugar underw^ent spontaneous loss of w’^ater, 
fonning a non-reducing anhydro sugar in which the amino group w^as 
retained. The structure of this anhydro amino sugar has not been 
elucidated. 

The second of the synthetic 3-aminohexoses was secured by Freu- 
demberg by the action of ammonia on 3-tosyldiaceton(‘glucose.^^'^ 
Here the r(‘action appears to he confined to carbon atom three, and the 
only doubt concerns the occurrence' or non-occurrence of Walden inver- 
sion. In the former case the product w^ould be 3-aminoallose, and in 
the latter 3-aminoglucose. Indirect evidence suggests that the allose 
configuration is the correct one. 

Two 6-ami nohexoses have also been synthetically prepared: those of 
glucose and of galactose. They result upon treatment of the 6-halogeno- 
or 6-tosylhexose (usually an acetone derivative or the glycoside) wdth 
ammonia. ^ Since in this series the reaction is confined to a non-asym- 
metric carbon there is no possibility of Walden inversion and the con- 
figuration of these sugars can be stated with certainty. 

Brief mention may be made at this point of lactoflavin(p. 1013), which 
is one of the components of the vitamin B complex. This interesting 
substance has been shown to be a derivative of 1-amino-d-ribitol and 
not only has it been synthesized but so have several isomeric derivatives. 
In the flavin the amino group of the sugar forms a part of an isoalloxazin 
nucleus. It has been found that substitution of rf- or Z-arabinose 


Levene and Meyer, J, Biol. Chem., 65 , 221 (1923). 

Bodycote, Haworth, and Hirst, J. Chem. Soc., 151 (1934). 

Freudenberg and Doser, Ber., 58 , 294 (1925); Freudenberg, Burkhart, and Braun, 
Ber„ 59 , 714 (1926). 

Fischer and Zach, Ber., 44 , 132 (1911); Ohle and v. Vargha, Ber., 61 , 1207 (1928). 
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for cJ-ribose reduces the biological activity while the d-xylo derivative 
is inactive. 

Before leaving the amino sugars it is necessary to mention one of 
their most interesting reactions, that with nitrous acid. In one of the 
examples cited above, treatment with nitrous acid produced the usual 
conversion of an amino to a hydroxyl group, and a hexose resulted. 
This is not generally true, however; more often there is a simultaneous 
loss of water and anhydro sugars are formed. These products will be 
more fully discussed in a later section devoted to the anhydro sugars. 

DERIVED SUGARS 

From the amino sugars attention may be turned to a group of 
substances which arc important for their chemical as well as for their 
biological associations. They are derived from the monoses by removal 
of the elements of water, or an oxygen atom, or both water and an oxygen 
atom. Their relationships may be indicated as follows: 

Formed from Monoses Ethylenic Linkage 


Product by Elimination of in Product 

Anhydro sugars H — OH None 

Glycoseens H — OH One 

Glycals HO — OH One 

Desoxy sugars O None 


Anhydro Sugars. The anhydro sugars, as indicated above, may 
be considered as being derived from the monoses by elimination of the 
elements of water. 

C6H12O6 - H2O -4 CeHioOs 

However, in the reaction an internal ether is formed, and this new 
ring might be, a priori^ between any two carbon atoms. Actually a great 
variety of anhydro rings have been reported, covering all the possible 
forms from ethylene oxide to hexylene oxide. 

In the ethylene oxide series the 1,2-anliydro derivatives have been 
given the special name a-glycosans by Pictet ^ who prepared them by 
heating the sugars under reduced pressure to eliminate the elements of 
water. They wen^ reported by these workers as being reasonably 
stable, and could in fact be crystallized from methyl alcohol. A reac- 
tion which was claimed to prove their structure was the addition of 

Pictet and Castan, Hdv. Chim. Acta, 3, 645 (1920); Compt, rend. 171, 243 (1020). 
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methyl iodide to form substances which were apparently 2-iodomethy- 
glycosides. 

Derivatives of this ethylene oxide type are presumably the interme- 
diates in the oxidation of glycals (see below) by peracids. When glucal is 
treated with moist perbcnzoic acid the major product is mannose, 
whereas with dry perbenzoic acid followed by methyl alcohol the product 
is largely a methylmannoside. The reactions are presumably the 
following: 




^CHOH 

I I 

O CHOH 


(—CHOCHs 

I I 

O CHOH 


In view of these results, the relative non-reactivity of the a-glycosans 
described by Pictet is surprising. Brigl, ^ ^ however, has synthesized an 
acetyl derivative in the following manner: 


p^CHOCOCH, 

0 CIIOCOCH,- 

1 I 

CIIOCOCH, 

1 

/3~Glucose 

pentaacetate 


-CHCl 


PCU 


^6 CHOCOCCl, 
' (^HOCOCH, 


NH, 


pCHCI 
O CHOH 

' i 


I — CHv 

rp 

CHOCOCH, 


NH, 


O 


>0 


HOCOCH, 


2-Trichloroacetyl- Triacetyl- 1-chloro- Triacetyl-l,2-anhy- 
triacetji- glucose drohexose 

1-chloroglucose 


This derivative exhibits the expected reactivity, the anhydro ring being 
readily opened by various reagents, such as methyl alcohol and acetic 
anhydride. To explain the difference in reactivity between this sub- 
stance and Pictet’s a-glucosan, it has been assumed that the latter is 1,2- 
anhydroglucose and that Brigl’s compound and the glucal intermediate 
are 1,2-anhydromannose. 

Of the other possible ethylene oxide derivatives, 5,6-anhydro- 
monoacetoneglucose is the best knowm, being easily prepared from the 
6-tosyl derivative by careful treatment with sodium methoxide. The 
ring is a little more difficult to open than that in the 1,2-anhydro com- 
pound (of Brigl), but additions may be effected without much trouble. 6- 
Methylglucose is formed with sodium methoxide, 6-aminoglucose 


“ Brigl, Z. Chern,, 116, 1 (1921). 



1490 


ORGANIC CHEMISTRY 


with ammonia, 6-thiomethylglucose with sodium methyl mercaptan 
(CHaSNa), and apparently two substances with acetobromoglucose. 
These reactions may be indicated as follows: 



A fact of considerable theoretical importance is that the 5,6-anhydro- 
glucose derivative, on alkaline hydrolysis, ^ gives a mixture of glucose 
and idose, but on acid hydrolysis only glucose. In this connection may 
be mentioned the interesting observations of Levene and Walti, who 
found that acid hydrolysis of optically active propylene oxide gave an 
excess of one optical isomer, while alkaline hydrolysis gave an excess of 
the opposite form. 

One further ethylene oxide anhydro sugar is a 4,6-dimethyl-2,3- 
anhydro-a-methylhexoside, prepared by treatment of 2,3-ditosyl-4,6- 
dimethyl-a-methylglucoside with alkali. A simultaneous product of the 
reaction is a 4,6-dimethyl-a-methylhexoside. Since two asymmetric 
carbon atoms are involved, and since Walden inversion might occur on 
either or both of them, four configurations require consideration for each 
product. Certain of these possibilities were excluded experimentally, and 
it was concluded that the anhydrohexoside was probably either an allose 
or a mannose derivative, while the hexoside was probably an altrose 
derivative. As mentioned previously a 2,3-anhydrohexose similar to the 
above is presumably formed as an intermediate by the action of ammonia 
on 2-bromo, 2-chloro-, or 2-tosyl-/3-methylgluco8ide in the preparation erf 
epiglucosamine. However, it has not as yet been isolated. 

♦ “ G1 ” is used here as a abbreviation for the tetraacetylglucose radical, and “ BrGl ** 
for acetobromoglucose. 

12 Ohle and von Vargha, Ber„ 62 , 2425 (1929). 
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|— CHOCH3 

O CHX 

1 

CHOH 


:S, r. 


CHOCH3 


CH\ 
CH 


+NH, 


n 


>0 


CHOCH3 

. . 1 

> O CHOH 

! 

CHNH2 


The conversion of glucose to galactose, suggested by Robinson (p, 
1480) as perhaps occurring enzymically through an intermediate ester, has 
actually been achieved by a non-enzymic reaction. Treatment of 2,3- 
dibenzoyl-4-tosyl-6-triphenylmethylglucose with alkali gives a 3,4- 
anhydro derivative, and this on treatment with hydrogen chloride gives a 
mixture of d-glucose and d-galactose.^^“ In similar fashion mono- 
acetone-3-tosylfructopyranose can be converted to a 3,4-anhydro 
derivative which with sodium methoxide gives c/-sorbose, or with sodium 
hydroxide, a mixture of d-sorbose and rf-fructose. 

Of the propylene oxide anhydro sugars only two have been described. 
One of these is 2,4-anhydroglucose, formed by a complex reaction on 
treatment of 1,6-anhydroglucose with concentrated hydrochloric acid, 
and the other is monoac(‘tone-3,5-anhydroxylose, formed from mono- 
acetone-5-tosylxylose with sodium methoxide. 


-CH- 


HCOH 

I 

0 HOCH 

I 

HCOH 

I 

HC 


-CHa 


CHO 


0 



1 ,6-Anhydroglucose 2,4-Anhydroglucose Monoacetone-5- 

tosylxylose 


M onoacct one-3 , 5- 
anhydroxylose 


In each of these the ring is relatively unstable; the first can be hydro- 
lyzed with dilute acid to glucose, while the second adds sodium methoxide 
or sodium methyl mercaptan to form 5-methyl- and 5-thiomethylmono- 
acetonexylose, respectively. 

The most stable anhydro rings are the butylene oxide type, the 2,5- 
and the 3,6-anhydro in the hexose series. As previously mentioned, 
these result on treatment with nitrous acid of the 2- and 3-aminohexoses, 
elimination of water being spontaneous. It has been proved by Levene 
that the substance thus formed from epichitosamine is 2,5-anhydroglu- 
cose whereas that from chitosamine is 2,5-anhydromannose. This proof 

Oldham and Robertson, J. Chem. Soc., 685 (1935). 
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consists in an experimental determination of configuration, entirely 
analogous to that used for the monoses themselves, and involves no con- 
siderations of Walden inversion. 

In addition to this method of formation, the 3,6-anhydro compounds 
have also been secured by removing the elements of hydrogen bromide 
from the methyl-6-bromoglycosides by treatment with alkali. In the 
case of glucose the product thus prepared is not identical with that ob- 
tained by deaminizing epiglucosamine, but appears rather to be epimeric. 

One of the 3,6-anhydroglucoscs has been hydrolyzed by dilute acids, 
glucose being regenerated, but the 2,5-anhydro rings are so stable that 
their hydrolysis has not as yet been accomplished. 

A substance which may be considered as being both a butylene and an 
amylene oxide is the extremely interesting compound prepared by Hess 
and Neumann. ^ ^ They treated 2,3,6-trimethyl-4-tosylglucose with 
alkali, the tosyl group was eliminated, and a 1,4-anhydro compound 
resulted. Since the original 1,5-ring is retained, the product is simul- 
taneously a furanose and a pyranose. Interestingly, on treatment with 
hydrobromic acid, the rings are opened, the methyl groups are split 
off, and there is a simultaneous Walden inversion on the fifth carbon, 
giving rise to Wdose. 


CHO 

I 

HCOH 

I 

HOCH 

I 

HCOH 

1 

HCOH 

I 

CH 2 OH 

d-Glucose 


CHO 

I 

HCOMe 

I 

MeOCH 

I 

HCOTIS 

I 

HCOH 

I 

CHaOMe 


, CH- 

I 

HCOMe 


0 


MeOCH 

I 

HC— 

_rp_ 

HC — 


0 


CHgOMe 


CHO 

HCOH 

I 

HOCH 

HCOH 

I 

HOCH 

1 

CH 2 OH 

Z-Ido6e 


The best known of the 1 ,6-anhydrohexoses is the levoglucosan ^ of 
Pictet, prepared by destructive distillation of starch or other polysac- 
charides under reduced pressure. The compounds belonging to this 
series may also be prepared synthetically ^ ** by adding trimethylamine 
to the acetobromo derivative and then hydrolyzing with alkali whereby 
the acetyl groups and the trimethylarnmonium group are split off and 
the 1,6-anhydro derivative is secured. 

Hess and Neumann, Ber., 68, 1360 (1935). 

Pictet and Sarasin, Helv. Chim. Acta, 1, 87 (1918); Pictet and Cramer, iM., 
8, 640 (1920). See, also, Tanret, Bull. eoc. chim., [3] 11, 949 (1894) and Vongeriohten 
and Mtiller, Ber„ 39, 241 (1906). 

** Mioheel, Ber., 62, 687 (1929) ; Karrer and Smirnoff, Helv. Chim. Acta, 4, 817 (1921). 
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r-CHBr 
^HOAc 

^ illOAc (CH,),N 
I CHOAc 

u 

(IjHjOAc 


Alkaline 


(— CHN(CH8)8Br 

inoAc 

iHOAc 
>01 

(JHOAc hydrolysiB 

Uh 

^HjOAc 


(-CH 1 

inoH 

(':;hoh 

0 [ 0+(CH,),NH0H 

CHOH 

u„ 

<1:;h2 


Opening of the 1,6-ring may be effected by various reagents, for 
example by acetyl bromide, producing 1,6-dibromotriacetyl-glucose, 
which in turn may be converted to the glycoside for use in various 
syntheses. 


-CH- 


O 


CHOH 

I 

CHOH 

1 

CHOH 

iH- 


CHBr- 


0 


CHOAc 

I 

CH/DOBr CHOAc 0 

^ 1 

CHOAc 

I 

CH 


l-CHa 

1 ,6-Anhydroglucose 


CHzBr 

1 ,6-Dibroinogluco8e 


CHOMe— I 
CHOAc 


MeOH 

AgjCO» 


CHOAc 0 

1 

CHOAc 


CH 1 

I 

CH2Br 

Triacetyl-6-V)romo- 

/3-methylglycoside 


Glycoseens. The glycosoens differ from the anhydro sugars in that 
a double bond is formed during the elimination of the elements of water 
from the aldoses. The two best-known types are those with the 
double bond between carbons one and two, or between carbons five and 
six. The 1 ,2-glycoseeiis are prepared*^ by reacting the acetobromo 
sugar (I) with diethylamine, whereby hydrogen bromide is eliminated 
and tetraacetyl-l,2-gIycoseen (II) is formed. 


-CHBr 

r-CH 

r-CH r 

1 

II 

II 

CHOAc 

COAc 

COH 

1 

0 CHOAc ^ C 

1 

) CHOAc C 

1 

) CHOH 0 

1 

CHOAc 

1 

1 

CHOAc 

1 

I 

CHOH 

1 

1 

L-CH 

1 

1 

L-CH 

1 i 

L— CH L 

CHzOAc 

1 

CH 20 AC 

1 

CH 2 OH 

I 

II 

III 


CO 


CHOH 


CH 2 OH 
IV 

Maurer and Mahn, Ber., 60 , 1316 (1927); Maurer, Ber„ 62 , 332 (1929). 
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This will be seen to be the acetate of an enolized 1 ,5-anhydro-2- 
ketohexose (III) and might be expected to revert to the keto form (IV) 
on deacetylation. Actually, on attempted deacetylation no definite 
substance has been secured, but reacetylation of the product thus 
obtained does not give the original acetylglucoseen. With phenyl- 
hydrazine, however, the product is apparently 

. O , 

CH2C(=NNHC6H5)C(=NNHC6H5)CH0HCHCH20H 


which is the “osazone’’ of IV. It is of interest that treatment of 
tetraacetyl-l,2-glucoseen with excess alkali, and back titration with 
acid, as in an acetyl determination, uses five and not four equivalents 
of alkali. 

Tetraacetyl-l,2-glucoseen reacts with chlorine, giving a crystalline 
compound which decomposes spontaneously. However, the chlorine 
may be removed by immediate hydrolysis with moist silver carbonate 
and there then results the acetate of glucosone hydrate. ^ ® 


r-CH 

I II 

O COAc 


CHOAc 


^CHCl 
I I /Cl 
o c< 

I \OAc 
CHOAc 


r-CHOH 

I I /OH 
o c< 

I \OAc 
CHOAc 


This acetate is readily converted with acetic anhydride and pyridine 
to diacetylkojic acid. Owing to loss of configuration this same product 
may be similarly prepared from tetraacetyl-l,2-galactoseen (through 
galactosone hydrate). 


CHOH- 
I /OH 

I \OAc 
AcOCH 

I 

HCOAc 

I 

HC 


1 CH 

CHOH 1 

II 

1 /OH 

COAc 

c/ 

1 

1 \OAc 

0 ^ CO ( 

1 

3 <- AcOCH 0 

1 

CH 

AcOCH 

II 

1 

c 

HC 


CHaOAc CH 2 OAC 

T etraacetylglucosone Diacetylkojic 

hydrate acid 


CH 2 OAC 

T et raacet ylgalactosone 
hydrate 


Kojic acid is of biological interest as it is formed in appreciable amounts 


Bergmann and Zervas, Ber., 64 , 1434, 2032 (1931). 

Maurer, Ber., 63 , 25 (1930); Maurer and Muller, Ber., 63 , 2069 (1930). 
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by the action of many molds not only upon hexoses, but also upon 
pentoses, trioses, glycerol, and other substances. 

Tetraacetyl-l,2-glucoseen has been used by Zervas^®“ to establish 
the structure of styracitol. Hydrogenation of the glucoseen, using a 
palladium catalyst, and hydrolysis of the resultant tetraacetyl deriva- 
tive produced styracitol which was therefore stated to be 1,5-anhydro- 
sorbitol. It should be noted, however, that the configuration of carbon 
atom two has not been established by this synthesis. 


pCH 

COAc 


^CH2 
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CHOAc 


r-CH2 
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CHOH 


CHOAc 
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(H) 


CHOAc 
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-CH 
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CHOAc Hydrolysis 
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^CH 


CHoOAc CHaOAc 

Tetraacetyl- 1 ,2-glucoseen Dihydro tetraacetylglucoseen 
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CHOH 
O I 
CHOH 

I 

I— CH 

CH 2 OH 

Styracitol 


Analogous to 1,2-glucoseen is djS-glucoseen. This is most easily 
prepared by reacting the 6-bromo or 6-iodo compound with silver fluor- 
ride in pyridine solution although it is also one of the products of the 
reaction of 6-tosyltsodiacetoneglucose and alcoholic ammonia. 



6-Tosyh’s(?- 

diacetoneglucose 



/sodiacetone- 

5,G-glucoseen 


— CHOMe 

— CHOIMe 
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CHOAc 

j 

CHOH 

1 ArF 

0 CHOAc > ( 

j 

1 CHOH 

1 CsHsN 

1 

CHOAc 

1 

CHOH 

1 

— CH 

— C 


CH2X 

6-Halogeno- 

methylglucoside 


M(‘thyl-5,r)- 

glu(‘oseenide 


Like the 1,2-glucoseen it may be considered to be an enol, stabilized 
by the internal ether ring. Upon acid hydrolysis the ring is destroyed 
and the product ketonizes, giving a 5-keto-6-desoxyhexose, isorham- 
nonose. Similarly, diacetone-5, 6-galactoseen on acid hydrolysis gives 
the isomeric fuconose. ^ ^ 

Zervas, Ber., 63 , 1689 (1930). 

Helferich and Himmen, Ber., 61 , 1825 (1928); Ohle and v. Vargha, Ber., 
62 , 2426 (1929). 

Helferich and Himmen, Ber., 62 , 2136 (1929); Ohle and Deplanque, Ber., 66 , 12 
(1933). 
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Fuconose 


In addition to the intrinsic interest of a reaction of this type, a further 
interest attaches to it in connection with the alkaline rearrangements 
which will be considered later and which involve an internal oxidation 
and reduction. It was also rec(‘ntly suggested that this reaction 
might be used to distinguish between furanohexosides and pyrano- 
hexosides as the former should give immediately a keto compound 
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whereas the latter could do so only after hydrolysis, as indicated above. 
Experimentally, however, it was found that appropriate derivatives 
of both mannitol and glucose^®" failed to react with silver fluoride in 
pyridine, and no further evidence along this line has been obtained. 

18 Miiller, Bcr., 66, 1061 (1932). 

i8« Helferich and Lang, J. prakt. Chem., 182 , 321 (1932). 
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A final reaction of 5,6-gluco8een which may be noted is oxidation 
with lead tetraacetate'®** to a derivative which hydrolyzes in water and 
gives a 5-ketohexose : 


pCHOMe 
CHOAc 
0 CHOAc 

I 

CHOAc 
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II 

CH 2 

T riacot y 1-5 jO-meth yl- 
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Tetraacetyl- 

5-ketohexose 


In addition to the 1,2- and 5,6-glycoseens, one example of the 5,4- 
glycoseens has been described. This was formed as a by-product in the 
reaction of 3-tosyldiacetoneglucose with hydrazine. Although its 
structure has not been confirmed, it appears to be diacetone-3,4- 
glucoseen, 
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0 I 
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€(CH3)2 



CHO 


CH 2 O 


V(CH3)2 


thus providing an additional example of this interesting group of 
substances. 

Glycals. The glycals are unsaturated derivatives, formed by 
reduction of the acetobromo compounds with zinc in acetic acid, followed 
by hydrolysis of the acetyl groups. They differ from the parent 
aldose in having lost an oxygen atom and the elements of water, while 
a double bond has appeared. 


Helferich and Bigelow, Z. physiol. Chem., 200, 263 (1931). 

Fischer, Ber., 47, 196 (1914); Bergmann and Schotte, Ber., 64, 446 (1921); Berg- 
mann and Freudenberg, Ber., 62, 2783 (1929). 
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With glucose, it has been shown that this series of changes is unaccom- 
panied by a shift in ring,^'^ for methylation of glucal, oxidation with 
perbenzoic acid, further methylation, and hydrolysis give ordinary 
tetramethylglucopyranose (p. 1423). 
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Trimethyl- Pentamethyl- Tetramethyl- 
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The oxidation of the glycals with perbenzoic acid is one of the most 
interesting reactions of this group of compounds. Apparently a mix- 
ture of the two epimers is invariably formed: 



O CH 
CHOH 


I CHOH 

O HCOH 

I 

CHOH 


I CHOH 

I I 

-1- 0 HOCH 

I 

CHOH 


but the proportions of the two may vary widely, and the condition- 
ing factors are not well understood. Thus with glucal and rhamnal, the 
products are almost exclusively mannose and rhamnose, whereas with 

Hirst and Woolvin, J. Chem. Soc., 1131 (1931). 

Bergmann and Schotte, Ber., 64 , 440 (1921); Tanaka, Bull. Chem. Soc. Japan, 
6, 214 (1930); Levene and Raymond, J. Biol. Chem., 88, 513 (1930); Hirst and Woolvin, 
J. Chem. Soc., 1131 (1931); Levene and Tipson, J. Biol. Chem., 93 , 031 (1931). 
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galactal, although talose predominates, much galactose is formed. 
Moreover, substitution of glucal in position three may change the pro- 
portions enormously, for the glucose derivative predominates on oxida- 
tion of triacetylglucal and 3-methyl glucal, and trimethylglucose is the 
principal or perhaps only product from trimethylglucal. 

The mechanism of this oxidation with perbenzoic acid has not been 
fully established. As mentioned, the oxidation of glucal in the presence 
of moisture leads to the production of mannose. In the absence of 
moisture, however, if the intermediate product is treated with methyl 
alcohol, a-methylmannoside is formed, and in similar fashion a-methyl- 
rhamnoside is formed from rhamnal. This indicates the intermediate 
occurrence of a 1,2-anhydro sugar, but isolation of a compound of this 
nature from the reaction mixture has not as yet been achieved. 


fCH 
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I I 

O CHOH 


I— CHOH 

I I 

0 CHOH 


It might be expected that triacetylglucal (I) with perbenzoic acid 
would give a compound identical with that (II) prepared by Brigl (see 
1,2-anhydro sugars, p. 1489). 
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Interestingly, however, the major substance which is isolated from this 
oxidation is l-benzoyl-3,4,6-triacetylglucosc (III), although other glu- 
cose and mannose derivatives are simultaneously formed. 

Other reactions of the glycals have to do with their isomerization. 
Thus when triacetylglucal is boiled with water, diacetylpseudoglucal 
is formed, and tliis, on hydrolysis with barium hydroxide solution, gives 
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by an elaborate rearrangement isoglucal, and in lesser amount, pro- 
toglucal. ^ * 

-CH I— CHOH CHs CHO 


CH 


6 CHOAc 

inOAc 


CH 
0 CH 
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CH 
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CH 2 
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CHOH 


CH 2 

Protoglucal 


Protoglucal reduces Fehling’s solution, and its presence in traces is 
probably responsible for the original erroneous report that glucal is a 
reducing substance. 

The glycals may be oxidized by ozone to give the corresponding 
aldose of one less carbon atom, which incidentally proves the position 
of the double bond, or they may be hydrogenated to the hydroglycals. 
Halogens may be added to triacetylglucal to give a mixture of two 
epimeric acetohalogeno-2-halogenohexoses which have proved useful 
for certain syntheses. 
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The addition product with hydrogen bromide appears to have the 
bromine in the 2-po8ition instead of in the l-position.^^ 

-CH pCH2 

0 CHBr 
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Bergmann and Freudenberg, Ber., 64 , 168 (1931). 

** Fischer, Bergmann, and Schotte, Bcr., 63 , 617 (1920). 
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This is unfortunate as otherwise there would be easily available the 
acetobromo derivatives of the 2-desoxy sugars, which should be useful 
for synthetic work in this scries. 

Desoxy Sugars. Although originally of only chemical interest, 
desoxy sugars (p. 1451) from several natural sources have been described. 
Several of the cardiac glycosides contain desoxy sugars as a compo- 
nent (digitoxosc, cymarose, sarmentose), and 2-desoxyribose (-arabinose) 
has been shown to be the sugar of thymus nucleic acid. It is of interest 
that cymarose (p. 1454) is a methyl ether (of digitoxose) and is on 
this account quite unusual among the naturally occurring sugars. 

The desoxy sugars owe their name to the fact that one or more 
CHOH groups have been deprived of an oxygen atom and converted 
into a CH 2 . The synthetic preparation of the 2-desoxy sugars has been 
achieved from the glycals in two ways. In one of these the 2-halogeno 
aldoses described above are reduced, and in the other water is 
added directly to the glycal, usually with sulfuric acid as catalyst, as 
indicated 
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An interesting method for preparing the 2-<!esoxyglu conic acids has 
recently appeared in which an intramolecular oxidation and reduction 
rc'sults when 2-chloroglucose (triacetyl- or trimethyl-) is heated with 
lead hydroxide:-^ 

Ph(OH)2 

RCHClCHO — ^ RCH 2 COOH 

H 2 O 

Triacctyl-2-chloroglucose 2-Dcsox'ygluconic acid 


A characteristic of the 2-desoxy sugars is their great reactivity. 
The pyranosidc's in this series, for example, are sometimes formed or 
hydrolyzed as rapidly as are the furanosides of the ordinary sugars. 
Only a single 1-bromo derivative in this series has been thus far pre- 
pan^d. The ready formation of levulinic acid from the 2-desoxyp)entoses 
on treatment with acid will be discussed later (p. 1509). 

A single 3-desoxy sugar has been described as resulting from the 
catalytic reduction of diacetone-3, 4-glucoseen but these structures 
have not been well authenticated. 


** Bergmann, Schotte, ami Leschinsky, Rcr., 66 , 1052 (1923); Gehrke and Aichner, 
Ber., 60 , 918 (1927); Lovene and Mori, J. Biol. Chem., 83, 803 (1929); Levene, Mikeska, 
and Mori, ibid., 86 , 785 (1930). 

Danilov and Gakhokidze, J. Gen. Chem. (U.S.S.R.), 6 , 704 (1936). 
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CHoO 

Diacetone- 

3,4-glucoseen 


I >C(CH3)2 
CH 20 
Diacetone- 
3-de8oxyglucose 


Very widely distributed in nature are a further series of sugars, 
the methyloses, in which the terminal group is the desoxy (p. 1450). 
Although much work has bc'en done in tliis series, it seems sufficient 
to indicate the synthetic method of their preparation, which is that 
of reduction of a halogen attached to the terminal carbon. This is 
conveniently the iodide, introduced by replacing the tosyl group, 
although other halogens have been similarly reduced. 

As a typical example of a synthesis in this series the preparation of 
d-xylome thy lose may be cited : 
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Levene and Compton, J, Biol, Chem., Ill, 325 (1936). 
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It is possible, of course, to have more than one carbon as a desoxy 
group, and the hydrogenation products of the glycals afford examples 
of this type of compound. Thus dihydroglucal is really 2-desoxystyraci- 
tol, and dihydropseudoglucal is 2,3-bisdesoxyglucose. 
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The naturally occurring digitoxose is, in fact, a bisdesoxy sugar, 
2-desoxyallomethylose (or 2,6-bisdesoxyallose) (p. 1451). 

Ascorbic Acid — Vitamin C. The rapid and successful solution of 
the ascorbic acid problem, both as to structure and synthesis, constitutes 
one of the major achievements in the field of sugar chemisti*}", and on 
this account is deserving of special consideration. Inclusion at this 
point is justified by the fact that the vitamin is an unsaturated sugar 
derivative, and because the problems connected with it give valuable 
information in the field of these unsaturated derivatives. 

Szent-Gyorgyi had isolated from a number of vegetable and plant 
sources, as well as from suprarenal cortex, a hexuronic acid,’’ which 
he considered to be associated with respiratory processes. He had, 
moreover, pointed out that the distribution of this substance paralleled 
that of vitamin C. Although Zilva claimed that there was no constant 
relationship between the antiscorbutic activity and the reducing prop- 
erty which was a characteristic of Szent-Gyorgyi’s acid, this was disputed 
some years later by Tillmans and co-workers who found that such a 
relationship did in fact exist. Szent-Gyorgyi and his co-workers next 
demonstrated for their crystalline material a definite antiscorbutic 
activity, and King with his collaborators independently and simultane- 
ously described a crystalline vitamin C preparation which had all the 
physical and chemical properties of the hexuronic acid.”^*^ After 
further investigation it was at length agreed that the two substances were 
identical. Szent-Gyorgyi was finally able to secure relatively large 

For review of literature see ** Annual Review of Biochemistry,” Stanford University 
Press, Stanford University, Calif. (1934), Vol. II, chapter on vitamins. 
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amounts of the acid from Hungarian paprika, and it was thus made 
available for study. Intensive investigations were simultaneously 
undertaken in a number of laboratories, and in a surprisingly short time 
the entire problem was solved. 

Hexuronic acid,’' or ascorbic acid as it was soon called, behaves 
chemically like an unsaturated monobasic acid. It has the empirical 
formula CeHsOo and contains one double bond. It gives a dimethyl 
derivative with diazomethane, which is specific for methylation of 
acidic hydrogens. These facts are all adequately explained on the basis 
of the earlier formulas, given below, in which one of the acidic hydrogens 
is that of the carboxyl group and the other is that of the tautomeric 
hydroxyl : 
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Hirst, however, made the significant observation that the dimethyl 
derivative dissolved in alkali without splitting off a methyl group, and 
was thus led to the formula which is now accepted as correct: 

CO— 1 

I 

HOC 

li 0 

HOC 

I 

CH-J 

I 

HOCH 

I 

CH 2 OH 
Ascorbic acid 

(2, 3-Enediol-Z-gulono-l, 4-lactone) 

The configuration was deduced from that of the oxidation product of 
ascorbic acid which was shown to be 2,3-dikcto-i-gulonic acid, as well as 
from the fact that ozonization of ascorbic acid and of its methyl deriva- 

Hirst, Chemistry & Industry, 63 , 221 (1933). 
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tives gave Z-threonic acid and its methyl ethers. On the basis of this 
formula, ascorbic acid ” is a highly stable lactone, which owes its 
acidic properties entirely to an enolized keto group. It is of interest 
that, whereas ozonization of tetramethylascorbic acid, prepared by 
further methylation of crude dimethylascorbic acid, gives a mixture of 
3,4-dimethyl-Z-threonic acid and the epimeric 3, 4-dime thy l-?-erythronic 
acid, if the dimethyl derivative is first isolated in crystalline form 
and then further methylated and ozonized, only the threonic deriva- 
tive is secured. This is apparently due to further tautomerizations in- 
volving the fourth carbon atom. 

That the formula above was in fact correct was soon confirmed by 
a series of brilliant syntheses, of which the first was that of Reiclistein, 
Griissner, and Oppenauer.-^ These authors started with the osone of 
d-xylose, and by addition of hydrogen cyanide, followed by hydrolysis, 
effected the synthesis of the enantiomorphic d-ascorbic acid. This 
method was then utilized by Haworth and co-workers who started 
with Z-xylose and with somewhat modified procedure (*ffected the syn- 
thesis of the naturally occurring Z-ascorbic acid. Further studies on this 
method have revealed that the mechanism is apparently rather com- 
plex, the changes probably being as follows: 
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The first intermediate isolated is the crystalline C 3 ^clic imino com- 
pound (III), and this, on treatment with acid, passes smoothly into the 
ascorbic acid (IV), This type of synthesis is general, and a number of 
isomeric “ ascorbic acids have been prepared in this manner. 

The second important method of s^mthesis of ascorbic acid is also 
due to Reichstein,^'® who found that Z-sorbose (prepared from (Z-sorbitol 
by the action of Aceiobacter xylinnm; and the d-sorbitol from d-glucose 
by catalytic reduction) forms a 2,3,4,6-diacetone derivative which on 

Reichstoin, Griissner, and Oppenaiier, Heir. Chim. Acta, 16 , 501, 1019 (1933); 
17 , 610 (1934). See, also, Haworth et al., J. Chem. Soc., 1419 (1933); 02, 1192 (1934). 

2’® Ault et at., J. Chem. Soc., 1419 (19;i3). 

Reichstein and Griissner, Hdv. Chim. Acta, 17 , 311 (1934). 
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alkaline oxidation yields diacetone-2-keto-Z-gulonic acid. Removal of 
the acetone groups by acid hydrolysis gives the free acid, and this on 
heating with water is transformed into ascorbic acid. A somewhat 
better preparation consists in converting the free acid into its methyl 
ester and heating this with sodium methoxide in methyl alcohol whereby 
the sodium salt of Z-ascorbic acid is secured. 
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The 2-keto-Z-gulonic acid, which is an intermediate in this synthesis, 
was obtained more easily by Haworth,^®® who has found that direct oxi- 
dation of ketoses with nitric acid leads to preferential oxidation of the 
primary alcoholic group adjacent to the keto group. In this manner 
ascorbic acid was easily prepared from Z-sorbose, and d-araboascorbic 
acid (the nomenclature refers the ascorbic acid to the parent aldose of 
one less carbon) from cZ-fructose. 

A series of synthetic analogs has been obtained by these methods 
and their physiological activity has been examined. Those prepared are : 
the only possible four-carbon analog, one of the two possible five-carbon 
forms, all four of the possible six-carbon acids, three of the eight possible 

Haworth, Nature, 134, 724 (1934); Brit. Assoc. Advancement Sci. Kept., 295 (1934). 
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seven-carbon acids, and the ascorbic acid from J-rhamnose. Of these, 
the synthetic Z-ascorbic acid has the same activity as the natural sub- 
stance, as has its primary oxidation product; i-rhamnoascorbic acid 
has about one-fifth as much activity, <f-araboascorbic acid has a slight 
activity, and none of the others may be regarded as possessing any 
antiscorbutic activity. It is of some interest that the imino compound 
(III), though closely related to ascorbic acid chemically, is without 
activity. The generalization, made simultaneously by Reichstein and 
by Haworth, is that for antiscorbutic activity the fourth carbon atom 
must be of the d-series. 

Of further importance in this fascinating field are the interesting 
substances reductone and reductic acid.^® 


CHOH=COHCHO 


Reductone 


HOC— C< 


/OH 


I 

CH2CH2 

Reductic acid 


The first of these is the enol of hydroxymethylglyoxal, formed by action 
of alkali on various carbohydrates; the second is formed by action of 
dilute sulfuric acid at high temperatures. Both are characterized by 
the same system of enediols as that in ascorbic acid, and like ascorbic 
acid both reduce the characterizing indicator, dichlorophenolindo- 
phenol. With additional knowledge it may be found that substances 
of this nature are of great importance in the chemical as well as in the 
biological degradations and transformations of the sugars. 


ISOMERIZATIONS AND DEGRADATIONS 

Acid Rearrangements. The mechanisms of the reactions whereby 
the sugars are rearranged or are broken down into smaller fragments is 
of the greatest interest both chemically and biologically. It has, how- 
ever, been the subject of so much research that only a brief outline of 
the conclusions is possible here. The simplest types of changes are 
effected by acid treatment, and the effect ranges from almost nothing 
with weak acids, to complex changes, eventuating in the formation of 
humic substances, with hot concentrated acids. Between these extremes 
lie simple conversions, produced by acids of intermediate concentration, 
such as the production of furfural from pentoses and the analogous pro- 

Reichstein, Nature, 134 , 724 (1934); Haworth, ibid., and Brit. Assoc. Advancement 
Sci, Kept., 296 (1934). 

Norrish and Griffiths, J. Chem. Sac., 2837 (1928); von Enlor and Martina, Svensk 
Kent, Tid., 45 , 73 (1933); Reichstein and Opponauer, Helv. Chim. Acta, 16, 988 (1933). 
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duction of methylfurfural from methylpentoses, and hydroxymethyl- 
furfural and levulinic acid from hexoses: 
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It will be observed that, with the exception of levulinic acid, all 
the products may be considered as being formed in identical fashion by 
abstraction of three molecules of water. Levulinic acid results on 
similar treatment of 2-desoxypentoses as well as of hexoses, and this 
fact was for a long time responsible for the belief that the sugar of 
the thymus nucleic acids was a hexose. No very good evidence has 
been presented to account for the formation of levulinic acid, although 
it has been shown to result on acid treatment of hydroxymethyl- 
furfural ^ ^ 

CH CH 

II II 

HOCH2— CH C— CHO ^ HCOOH + CH3COCH2CH2COOH 

\o/ 


Levene and Mori have indicated the formation from 2-desoxypentoses 
in the following way, 


Pummerer, Guyot, and Birkofer, Ber., 68, 480 (1936). 
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CHO 

CHO 

CHO 

COOH 

1 

CH2 

1 

CH 2 

1 

CHOH 

1 

CHa 

1 

CHOH 

1 

-> CHOH 

1 

CHa 
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1 

1 /OH 
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1 

CHOH 
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CO 
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1 

1 ^OH 
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CH 2 OH 

CHa 

CHa 
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without attempting to substantiate this mechanism. 

In connection with the formation of furfural, several observations 
may be mentioned. The first of these is the fact that the fully meth- 
ylated pentoses, whether furanose or pyranose, give furfural on treat- 
ment with strong acid.‘^^“ The yields are in general as high as those 
from the free pentoses and are sometimes higher. Moreover they 
appear to be independent of the furanose or pyranose ring form of the 
methylated sugar. Of interest in the same connection is the formation 
of methoxymethylfurfural from tetramethylfructofuranose. For this 
rearrangement Haworth has suggested the following mechanism, which 
assumes the enol as the first step: 


CHsOMe 


CHOMe 


CHO 


CHO 


r-COH 

^C 

^CH r 

I 

CHOMc 

1 , 

CHOMe 

1 

CHOMe 

0 1 0 1 0 1 0 

CHOMe 

CHOMe 

1 

CHOMe 

— CH 

1 

L-CH 

— CH 


CH 

I 

CH 


CHsOMe 


CH20Me 


CHsOMe 


CH20Me 


Alkaline Rearrangements. Turning from the action of acids on 
sugars to that of alkalie^Sj a much more complicated problem is encoun- 
tered. For a logical treatment of the subject the effect of alkalies might 
be divided into, first, those changes which involve rearrangement with- 
out splitting, and, second, the changes involving scission of the molecule 
into smaller fragments. The first of these classes would include as its 
simplest case the problem of mutarotation or Walden inversion on 
the aldehydic carbon atom (which has been discussed, p. 1413), then 
epimerization or Walden inversion on the carbon adjacent to the alde- 
hydic carbon, next the progressive wandering of the reducing group 

Bott and Hirst, Chem. Soc., 2621 (1932). 
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along the carbon chain, and finally such complicated rearrangements as 
those involved in saccharinic acid formation where branched-chain 
acids result. In the second of the above classes would be included the 
formation of aldehydic substances such as formaldehyde, acetaldehyde, 
and methylglyoxal, acids such as formic, acetic, lactic, and dihydroxy- 
butyric, and finally reduced scission products such as alcohol. Unfortu- 
nately, however, in practice it becomes almost impossible to segregate 
these problems for separate discussion as each type of reaction is inti- 
mately concerned with each of the others, and deviation from such 
logical presentation becomes almost unavoidable. 

In the study of epimerization, complex side reactions may be avoided 
by working with the sugar acids. By heating them with aqueous pyri- 
dine, apparently only the epimers are formed and, moreover, the reaction 
seems to be reversible. Both aldonic and saccharic acids exhibit this 
phenomenon as do the fully methylated 7- and 5 -lactones. 


COOH 

I 

HCOH 

HOCH 

I 

HCOH 

I 

HCOH 

I 

CH2OH 

Gluconic acid 


COOH 

I 

HOCH 

1 

HOCH 

HCOH 
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HCOH 

I 

CH2OH 
Mannonic acid 


COOH 

I 

HCOH 

1 

HOCH 
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I 

HCOH 

COOH 

Mucic acid 


COOH 

1 

HOCH 

I 

HOCH 

I 

HOCH 

I 

HOCH 

I 

COOH 

AUomucic acid 


A similar simple inversion has been observed on treating certain of the 
methylated sugars with dilute alkali. 

Not all reactions of this type are so simple, however, and if the free 
sugars be employed instead of the acids then the changes usually become 
much more complicated. In one of the simple cases, where glyceralde- 
hyde is treated with anhydrous pyridine, a reversible conversion to 
dihydroxyacetone has been observed. 

CHOCHOHCH2OH CH2OHCOCH2OH 

On treatment of glucose, however, with even as mild a reagent as 
saturated lime water, the first products are apparently mannose and 
fructose, but if the reaction be allowed to continue then a host of other 
products is formed. The nature of these substances and the mechanism 
of their formation have been extensively investigated, but they are still 

Fischer, Rcr., 23 , 799 (1890); Haworth and Long, J. Chem. Soc., 346 (1929); 
Hedenberg and Cretcher, J. Am. Chem. Soc., 49 , 478 (1927). 
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not fully understood. Nef, following Wohl, Lobry de Bruyn, and Alberda 
van Ekenstein, argued for the enol (p. 1441) as being the intermediate 
in the alkaline reactions of the carbohydrates, and did extensive research 
in corroboration of this idea.-^*^ This theory assumed the enol to be 
formed by alternate addition and removal of the elements of water, the 
change being considered progressive. 


CHO -fH^o CH(0H)2 -h,o CHOH 4.h,o CH(OH), .h^o CHO 
H^OH ^ nioH ' I^OH ^ HO(^H ^ Hoin 


I 


+ 1120 


CH 2 OH CH 2 OH 

1 -HaO 

CO ^ 

nioH 


CH2OH 


-H 20 1 
C(0H)2 > COH etc. 

H^OH hoR 


This mechanism accounts adequately for the known formation of 
glucose, fructose, and mannose from any one of the three used as 
starting material, as well as for the supposed presence of glutose 
(3-ketohexose) and the kindred products which have been claimed as 
being formed. It may b(‘ considered the classical or basic theory 
of these changes. However, when Lewis and his co-workers*^ attempted 
to apply this same mechanism in the methylated sugar series they met 
with difficulty. Working under conditions which led only to the simplest 
changes, with little or no saccharinic acid formation, Lewis and Wolfrom 
studied the effect of alkali on tetramethylglucopyranose. True equi- 
librium was apparently established between the glucose and mannose 
derivatives, but they observed no ketose formation and on this basis 
argued that the views of Nef and Lobry de Bruyn should be replaced 
by the simpler concept of enolization. Thus: 


CH 2 OH 


CHO 

I 

HCOH 



”Nef, Ann., 836 , 191 (1904); 367 , 214 (1907); 376 , 1 (1910); 403 , 204 (1914). 

For moat rooont publication and earlier referencea aee Lodor with Lewis, J . Am. 
Chem. Soc., 64 , 1040 (1932). 
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The changes predicted for the free sugars would be identical on 
either basis, but in the case of a methylated sugar Lewis considers that 
further enolization is blocked by the methyl group, owing to its non- 
mobility. It is his view that, on the basis of the Nef theory, water 
would be added, forming a hemiacetal which would readily lose methyl 
alcohol, and that subsequent changes would be similar in character. 


CH(0H)2 CHOH 

i -H2O II 

CHOMe > COMe 


CH 2 OH 
+H.0 I /OH 

c/ 

1 ^OMe 


CH 2 OH 

CO + MeOH 


Against this it may be argued that this form of wTiting the reaction 
ignores the possibility of a lactol ring, and that if the ring form is con- 
sidered then the postulated removal of the elements of water would give 
rise to tetramethyl-l,2-glucoseen: 


- 0 - 


CH=C0MeCH0MeCH0MeCHCH20Me 


This is a type of substance whose reactions have not as yet been 
established. 

In these studies on the methylated sugars it was observed that the 
apparent aldose content, as d(^t(‘nniiied by hypoiodite titration, increased 
to above 100 per cent but was reduced to normal on acidification. This 
was interpreted as proving that, in the methylated sugars, the assumed 
enediol has a tangible existence and that, by consuming more than one 
atom of oxygen per mole during oxidation, it is responsible for the high 
analytical figures. Similar results were secured with the methylated 
pentoses, but here further complications arose, as methyl alcohol was 
split off and furfural was formed. It was found that the proportion of 
furfural increased with increasing “ high iodine ” value and also that 
the amount of methyl alcohol split off on acidification was about double 
that liberated in alkaline solution. This led to the formulation of a 
mechanism for the reaction as follows: 
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CHOMe 

1 

CH 2 OH 


CHOH 

II 

— (J 

I 

CHOMe 

0 I 

CHOMe 

1 

I— CH2 

+ 

MeOH 


CHO 


Acid 
> 


I 

r- C 

CH 

0 I 

1 CH 


L- CH 

+ 

2MeOH 



CARBOHYDRATES II 


1513 


In this connection there may be mentioned Hirst’s observation 
that when 2,3,4-trimethyl-5-xylonolactone was heated with aqueous 
pyridine in the usual fashion in order to produce epimerization, the 
major product of the reaction was not the epimeric lyxonolactone, but 
instead was furancarboxylic acid. In this reaction no acid treatment 
is required to cause elimination of all methyl groups. 


CO 

COOH 

1 

1 

CHOMe 

1 

c 1 

1 

II 1 

CHOMe ( 

) -^ CH 0 
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1 

CHOMe 

CH 

1 

II 

CHa- 

CH 


In all the investigations of Lewis, the conditions as mentioned above 
were so chosen as to lead exclusively to the simplest changes. Evans and 
his collaborators, on th(‘ other hand, have done a vast amount of work 
under more drastic conditions, leading to more d(‘(‘p-S(‘at(‘d changes in 
the molecule.'^'’ In these studies, glucose, fructose, and mannose were 
found to react analogously, and the products W(T(' formed in roughly th(' 
same amounts in each instance. The (experiments were therefore inter- 
preted on the assumption that the first product is the common enol, 
which then eithc^r undergoes scission or is jittended by migration of thc^ 
double bond farther down the chain. Thus: 
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1 

CHOH 
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CHoOH 

CH2OH 
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CH2OH 

j 

CH2OH 

1 

CH2OH 

CH2OH 


Scission of each of these enediols was also assumed, with subsequent 
rearrangement of the fragments. 


For most locent piiblicntioii and earlier references see .\rnold and Evans, J . Am. 
Chim. Soc., 68 , 1950 (193(i). 
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R 

R 

R 

1 

COH 

1 

>COH 

CHO 

II 



COH 
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>COH 
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CHO 

1 

1 

R' 

1 

R' 
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The intermediates above are written in the Nef methylenic form 
to suggest their reactive nature, for although rearrangements such as 

CH20HC0H< -> CH3COOH 

were assumed, experimentally no acetic acid was formed from glycolic 
aldehyde under similar conditions. Glyceraldehyde and dihydroxy- 
acetone, on the other hand, did actually give rise to lactic acid as well 
as to pyruvic aldehyde (isolated as the osazone) although the yields 
were far from quantitative. These last-named substances may be 
included in the above scheme as follows: 


CH2OH 
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CH2OH 

CH2OH 

CHa 

1 

CHa 

CHOH 
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CHOH 
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CHOH 
^ 1 
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CO 
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CHOH 
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"^>COH 

CHO 

^ CHO 

COOH 


COH 


as, quite obviously, may a great number of isomeric pentoses and 
tetroses. 

In addition to the studies outlined above, Evans and his collabora- 
tors have extended the investigations to several other aldoses and 
disaccharides and to hexosediphosphate. They considered that all 
the quantitative results were in accord with the general scheme out- 
lined above and substantiated it in all important respects. 

Before leaving the subject it seems well to point out certain less- 
emphasized phases of the problem. First of these is the question of 
conversion of aldehydic intermediates into corresponding acids, for 
example, the assumed production of acetic acid from acetaldehyde, or 
of formic acid from methylenenol (=CHOH). It is clear that both of 
these changes involve an oxidation, which in turn demands intervention 
of atmospheric oxygen or else simultaneous reduction of some other 
product. In either event it would lead to the production of a large series 
of compounds which have been disregarded in the original scheme. It 
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would seem necessary to be doubly cautious in considerations involving 
any products which do not have the empirical formula (CH0H)n±:xH20. 
Actually Evans (private communication) has found that in a nitrogen 
atmosphere the peak of formic acid formation disappears, and he inclines 
to the view that even more vigorous exclusion of traces of oxygen is 
necessary. 

A second assumption which appears to have been accepted in most 
studies of this sort is that of the reversible nature of the various reactions. 
In dealing with compounds of this type in which the free energy differ- 
ences are small, it is frequently possible to produce, at will, either 
forward or reverse reactions depending upon concentrations and condi- 
tions. This, in turn, has been taken as indication of true reversible reac- 
tion (in the physicochemical sense), and this has been in fact frequently 
assumed, either explicitly or implicitly.^^ It is evident that thermody- 
namic equilibrium demands an identical final composition of the mixture, 
no matter which component is used as starting material, yet in the many 
experiments which have been performed this seems not to be the 
tendency. In general the initial component predominates while the 
other products appear to form in almost random ratio. The extenu- 
ating circumstance in most of these experiments is that saccharinic acids 
frequently form and thus decrease the alkalinity. Also, as Evans has 
pointed out, otlu^r acids may be formed and thus disturb the equilibria. 
The need for many additional data on the subj(‘ct of true reversibility is 
evident. 

The final and perhaps the most important assumption which needs 
scrutiny is that concerning scission of the enol forms. l hat ethylenic 
linkages are reasonably susceptible of rupture by oxidants appears to 
be adequately established, but simple hydrolytic scission, such as that 
assumed in the mechanisms above, is on a much less secure experimental 
basis. It would appear desirable to have more extensive data on simple 
non-oxidative cleavage of enediols before accepting, without reservation, 
mechanisms based on this type of reaction. 

Saccharinic Acid Formation. It has been shown above that the 
simplest effect of alkali on a sugar is the catalysis of mutarotation, the 
next is enol fonnation and epimerization, while more deep-seated changes 
are those of migration of the double bond and cleavage into smaller 
fragments. Accompanying these last reactions is still another, that of 
intramolecular oxidation and reduction (or rearrangement), leading to 
the formation of the so-called saccharinic acids. These are respectively: 

Ann., 403 , 206 (1914); Kusin, Ber., 69 , 1041 (1936). 

Evans et al., J. Org. Chem., 1 , 1 (1936); Schmidt, Ber., 68 , 60 (1935); Neuberg, Ber., 
68 , 606 (1936). 
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(a) Metasaccharinic acids 

CH 2 OHCHOHCHOHCH 2 CHOHCOOH 


(eight possible 
hexonic) 


Q>) 

(c) 

id) 


Isosaccharinic acids 

/COOH 

CH20HCH0HCH2C0H<; 

\CH20H 

Saccharinic acids 

/COOH 

CH20HCH0HCH0HC0H<; 

^CHs 

Parasaccharinic acids 


CH20HCH0HC0H< 


COOH 

CH 2 CH 2 OH 


(four possible 
hexonic) 


(eight possible 
hexonic) 


(four possible 
hexonic) 


The formula in each case is C(>Hi20g, so that each of these acids is 
isomeric with the parent hexose. Certain of the corresponding sac- 
charinic acids from pentoses have been described by Nef, but these are 
analogous in character. Of the twenty-four possible isomers listed 
above, only a few have been described: 

(a) one or two metasaccharinic acids from galactose or lactose and 
two from glucose ; 

(b) one or two isosaccharinic acids from maltose, lactose, or cello- 
biose but not from glucose or galactose; 

(c) one saccharinic acid from glucose or mannose; 

(d) one parasaccharinic acid from galactose or lactose. 

The mechanism of the formation of these substances has been the 
subject of extensive research but is still incompletely understood. The 
earliest attempt to account for their formation was that of Kiliani, who 
assumed that lactic acid and glyceraldehyde, formed from the sugar 
under the influence of alkali, were recondensed to give the saccharinic 
acids. By assuming condensation of other acids and aldehydes this 
mechanism was extended by Windaus to include all the isomeric sacchar- 
inic acids, but the theory has received little experimental support. 

The most extensive investigations in the field were made by Nef, 
with his co-workers, in a series of classical researches. Based on the 
earlier work of Lobry de Bruyn, a progression of the carbonyl group 
down the carbon chain was postulated and the various ketoses 
thus formed were then assumed to undergo internal oxidation and 
reduction leading to the formation of desoxy diketo compounds. A 
benzilic acid rearrangement (p. 756) of these substances gave rise to 
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the various saccharinic acids. Thus, as written by Nef, who assumed the 
reactive methylenic intermediates: 


I 

CO 
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CHOH 
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CHOH 
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CO 
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If this same scheme be followed, starting with the aldehydo-, 2-keto-, and 
3-ketohexoses, it will be found that the first gives rise to the meta- 
saccharinic acids, the second to the isosaccharinic, and the third, where 
two diketo compounds are possible 

, CH3COCOCHOHCHOHCH0OH 
CH2OHCHOHCOCHOHCHOHCH2OH < 

^ CH2OHCHOHCOCOCH2CH2OH 

to both saccharinic and parasaccharinic acids. In the above scheme the 
formation of the diketo compounds might equally well be based on a 
selective removal of the elements of water followed by ketonization, as 
proposed by Lewis: 
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II 
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II 
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In recent years, Benoy and Evans have proposed a modification of 
Ncf^s scheme, based on their emphasis of the enediols as intermediates 
in these mechanisms. ^ITius the same enediols which they postulated 
to account for the isomerizations produced by alkali serve as intermedi- 
ates in the saccharinic acid formation, and the one mechanism accounts 
for both types of reactions. These authors assumed an isomerization 
of the enediol as follows: 


COH 

Cv CO 

II 

-HaO II 1 

COH 


CHOH 

j 1 

CHOH CH 2 


Benoy and Evans, see J. Am. Chem. Soc., 48 , 2675 (1926). 
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and the diketo derivative thus formed could undergo the benzilic acid 
rearrangement as assumed by Nef. The major difference between these 
two theories derives from the precursors which are assumed, as may be 
seen in the following scheme: 

Nef Benoy and Evans 


Metasaccharinic aldehydo 





1,2-enediol — ^ Saccharinic 

Isosaccharinic 
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2-keto 
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^ Parasaccharinic 

Saccharinic 
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/ ^ Metasaccharinic 

Parasaccharinic 


3-keto 

\ 

^ 3,4-enediol Isosaccharinic 


It would seem that quantitative studies on partially substituted hexoses 
or on the disaccharides might serve to decide between these two theories. 

In recent years a furthei attempt to elucidate the mechanism of 
the formation of the saccharinic and isosaccharinic acids was made by 
Ohle. This author started from fructose, for example, and assuming a 
pinacol rearrangement, followed by selective removal and addition of 
water, formulated the desired substances.^®® Thus: 
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This mechanism can not be applied to the metasaccharinic and parasac- 
charinic acids. 

There may also be mentioned the observation of Nicolet that 
a-hydroxy-jS-methoxy-jS-phenylpropiophenone, on treatment with alkali, 

Ohle, Ergeb. Physiol.^ 33, 694 (1931). 
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gave a,/S-diphenyIlactic acid.^^^ The author explained this on the basis 
of a benzilic acid transformation of the hypothetical diketone and 
suggested that the initial reaction (an aldol dehydration ”) made a 
revision of Nef^s theories necessary. 
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1 1 1 
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Evans (private communication), however, points out that, if the 
removal of methyl alcohol be assumed as the first step, the reaction may 
be represented as follows: 


C.H, 

CaHa 

CaHa 

[ 

CJI. 

CaHa 

1 

C,Ho 

1 

j 

CHOCHa 

j 

CHOH 

CHOH 

1 

CHOH 

CH> 

CH. 

1 

4 H 2 O 1 

1 

1 

1 

1 

CHOH - 

1 

- > CHOH 

- CHaOH 1 

COH 

11 

> C. 

-H 2 O 

CO — 

1 

HOCCaHa 

I 

CO 

1 

CO 

COH 

1 

CO 

COOH 

CaHa 

1 

Call 5 

CaHa 

j 

CaHa 

j 

CaHa 



and thus included in the general mechanism outlined above. 

Oxidation. In this discussion of oxidation, as in that of isomeriza- 
tion, it is convenient first to consider the reactions in acid medium since 
they are of less involved nature. In the presence of strong acids the 
results are complicated by the isomerizations which lead to the pro- 
duction of furfural derivatives, levulinic acid, and the humic acids. 
With bromine, on the other hand, such isomerizations are reduced to a 
minimum, and the reaction with aldoses is largely confined to simple 
oxidation to the corresponding acid : 

Br 2 + H 2 O + ECHO = 2HBr + RCOOH 

A similar conversion is achieved by using hot dilute nitric acid, and the 
major product is again the aldonic acid. This same reagent produces 
selective oxidation of the primary alcoholic group adjacent to the reduc- 
ing carbon in the case of ketoses, and has been found a useful preparative 
method for the 2-keto aldonic acids which are intermediates in the 
ascorbic acid synthesis. 

” Nicolet, iUd., 68 , 4468 (1931). See Nef, Ann., 376 , 3 (1910). 
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Boiling concentrated nitric acid oxidizes both the terminal carbons 
and gives the dicarboxylic acids (saccharic acids) most often in the form 
of their mono- or dilactones. Thus: 

CHO COOH CO 

CHOH CHOH CHOH 

I 110 

CHOH CHOH CHOH 

I -> i ->1 

CHOH CHOH CH 1 
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This same reagent is frequently used in structural determinations in- 
volving the methylated sugars, as they are attacked at the point of 
the lactol or lactone ring, the position of which is indicated by the 
nature of the oxidation products. For example, 
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The method is similarly employed to determine the position of substit- 
uents, by fully methylating the substance, removing the substituent, 
oxidizing, and determining the nature of the oxidation products. 

An oxidation which has preparative significance is that with hydrogen 
peroxide in the pnjscnce of iron catalysts. With ferrous salts both 
aldoses and 2-ketose8 are converted to the osones, while fragments of 
the molecule appear as by-products in the form of the acids: 

RCHOHCHO RCOCHO ^ RCOCH 2 OH 

With ferric iron, notably colloidal ferric hydroxide, as catalyst the 
method becomes a useful one for the preparation of the aldoses of one 
less carbon from the aldonic acids: 


RCHOHCOOH + (0) ^ RCHO + CO 2 -1- H 2 O 
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A similar oxidation has been achieved elect roly tically, and a further 
special case of the same general reaction is the action of hypochlorites 
or hypobromites on the sugar acid amides: 

RCHOHCONH 2 + OH- + OCl- ECHO + NCO- + Cl~ + 2 H 2 O 

To Weerman is due the observation that this reaction may be used to 
prove substitution on the second carbon atom of aldoses, for formation 
of isocyanates does not then take place. 

In alkaline oxidations the various isomerizations which have already 
been discussed must also be taken into consideration. With weakly 
alkaline reagents, and at low temperatures, isomerization may be 
negligible, but with the more alkaline oxidants, particularly when used 
hot, it may predominate. An example of the first class is oxidation 
with hypoiodites, usually at room temperature or below. Simple oxida- 
tion of aldoses is observed, and under controlled conditions of alkalinity 
and temperature, ketohexoses are negligibly affected and the method is 
not only specific, but quantitative as well. 

ECHO + I 2 + 20H- ECOOH + H 2 O + 21“ 

An oxidation, similar to this, has been achieved by Isbell who 
performed an electrolytic oxidation in the presence of small amounts of 
bromides. Here the bromide may be considered as being continuously 
oxidized to the hypobrornite, and this in turn being continuously 
reduced by the aldose with the formation of the aldonic acid. A by- 
product of this reaction with glucose is 5-ketogluconic acid."^^^® Oxida- 
tion of glucose dir(‘ctly with barium hypobrornite leads to the production 
of a considerable amount of this 5-ketogluconic acid.^^’^ 

Of theoretical importance in connection with the hypobrornite oxi- 
dation is the conclusion of Isbell, who has presented evidence showing 
that there is a difference between the a- and /3-forms of the aldoses as 
regards the rate of their oxidation by this reagent. The same author 
also believes that the sugars are directly oxidized by this reagent from 
their lactol to their lactone forms, the ring being unchanged in the 
process. ^ “ 

r O 1 Naorsr i O j 

CH20HCHCHOHCHOHCHOHCHOH CH20HCHCHOHCHOHCHOHCO 

Weermun, Rec. trav. chim., 37, 16 (1917). See Ault, Haworth, and Hirst, J. Chern. 
Soc., 1722 (1934). 

Cook and Major, J. Am. Chem. Soc., 57, 773 (1935). 

Reichstein and Neracher, Helv. Chim. Acta, 18 , 892 (1935). 

Isbell, J. Am. Chem. Soc., 54 , 1692 (1932). 

** Isbell and Hudson, J. Research Nat. Bur. Standards, 8, 327 (1932) ; IsbelL ibid., 

p. 616. 
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Another reaction of hypobromites is the more vigorous treatment 
of ketoses which cleaves the molecule at the carbonyl group. The same 
result is secured by using mercuric oxide in alkaline solution: 

NaOBr 

RCHOHCOCH2OH > RCOOH + HOOCCH2OH 


There has been recently described a most important reaction which 
involves the treatment of glycosides with hypobromites and leads to 
the complete elimination of the third carbon from the molecule, while 
the remainder is obtained as a mixed acetal 


CH3OCH- 


CHOH 

I 

CHOH 

I 

CHOH 

I 

CH 


0 


CH20H 


CH30CH- 


COOH 

COOH 

I 

CH 


6 


CH2OH 


This observation recalls earlier studies on the oxidations produced 
by periodic acid and lead tetraacetate.^^ These reagents are notable 
in that oxidation of the saturated sugars occurs only when two adjacent 
hydroxyls are free, so that oxidation of pyranosides would be expected 
between carbons two and three, or between carbons three and four. 
It was experimentally established that the actual oxidation is in both 
these places. The third carbon is eliminated as formic acid and two 
aldehyde groups are formed: 


CH3OCH- 


CHOH 

1 

CHOH 

I 

CHOH 

I 

CH 


O 


CH2OH 


CHO 

I 

CHO 

HCOOH 

CHO 

I 

CHOH 

I 

CH2OH 


Jackson and Hudson, J, Am. Chem. Soc., 58 , 378 (1936). 

Karrer and Pfaehler, Halt. Chim. Acta, 17 , 766 (1934); Malaprade, Bull. $oe. chtm.^ 
[4] 43 , 683 (1928) > [6] 1 , 833 (1934); H^rissey, Fleury, and Joly, J. pharm. chim., [8] 80 , 
149 (1934). 
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Finally it was shown that preliminary oxidation by periodic acid, 
followed by oxidation with bromine water, gave the same result as the 
original oxidation with hypobromites but the yield was 65 per cent as 
compared with 15 per cent for the one step oxidation. 

Many of the quantitative analytical reagents used for sugar deter- 
minations are more or less alkaline in reaction, and being used hot, 
produce fairly extensive isomerization. Sobotka has shown that in the 
series of methylated sugars, oxidation by a typical sugar reagent dimin- 
ishes progressively as the methyl groups are moved toward the reducing 
carbon. Thus 3-methylglucose is much less reducing than glucose 
itself, and 2,3-dimethylglucose has very little reducing action. This 
observation has been confirmed with several of the monomethylglucoses 
and has been explained on the basis of isomerizations leading to the 
formation of non-reducing products such as the saccharinic acids. 
However, it is to be noted that even in the case of free glucose, in the 
normal oxidation time (by which time the reaction is approaching a 
maximum) only three atoms of oxygen have been consumed. This is 
equivalent to the production of the acid of one less carbon: 

RCHOHCHO + 3(0) RCOOH + H 2 O + CO 2 

so that it is surprising that 3-methylglucose should be so much less 
reducing. Although this is certainly in part due to the isomerizations 
mentioned above, it appears possible that it may also be due to the 
prevention of mid-chain oxidations (like that with hypobromite) by 
the presence of the stable substituted groups. 

This oxidation by alkaline reagents has been extensively studied by 
Nef^^ and more recently by Evans, and these authors interpret the 
results on the basis of the intermediates produced by the action of alkali, 
and their subsequent reaction with the oxidant. Evaiis^ emphasis is 
upon the enediols as intermediates, and it was liis conclusion that the 
quantitative results were in satisfactory agreement with the assumption 
of cleavage and oxidation of the various enediol forms. 

In the discussion above there have been considered only a few of 
the many reagents and reactions which have been studied, and of which 
there are an enormous number. Catalytic oxidation, oxidation by air, 
by peroxides, and by salts and oxides of numerous metals have been 
extensively studied. They are omitted here for the reason that in 
general they are similarly explained and usually permit qualitative if 
not quantitative interpretation on the assumption of enediols and their 
reactions. Two reagents which may be mentioned are the peracids and 

« Sobotka, J. Biol. Chem., 69, 267 (1926). 
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lead tetraacetate which are used for the oxidation of substances having 
double bonds in the molecule. As mentioned above, this last reagent 
has been found of theoretical and preparative use since it produces 
oxidation of the saturated sugars only if there are two adjacent unsub- 
stituted hydroxyls. One final reagent which has found some application 
in structural determinations is silver oxide in aqueous solution.^® 
There are indications that in the methylated sugars this reagent may 
produce oxidation only at the point of attachment of the lactol ring, 
although this has not as yet been firmly established. 

As a final consideration in this section may be mentioned the work 
of Ohle and his collaborators,^^ directed towards securing “models 
for the biological breakdown of carbohydrates. Working with fructose 
derivatives, they found as intermediates branched-chain dicarboxylic 
acids which they called furtonic acids. Thus /S-diacetonefructose-l- 
sulfate, on oxidation with permanganate, gave jS-monoacetone-Z-furtondi- 
carboxylic acid 1-sulfate, while / 9 -diacetonefructose-l-carboxylic acid 
gave /?-monoacetone-Z-furtontricarboxylic acid. The last, on acid 
hydrolysis, yielded glycolic aldehyde, glycolic acid, and two molecules 
of carbon dioxide: 


CH2OSO3H 
yOC 1 

Me 2 C< I I 

^OCH O 



CH2OSO3H 

I 

/OCOH 
Me2C< I 
^OCH 

I 

CH 


/ \ 


COOH COOH 


CH2- 


COOH 


/OC— 
Me2C< I 
\OCH 


0 


CHO. 

I >CMe 2 
CHO/ 


COOH 

CH2OHCOOH 

1 

Glycolic acid 

/OCOH 

Me2C< 1 

-r 

\OCH 

CH2OHCHO 

1 

Glycolic aldehyde 

CH 

/ \ 

- 1 - 

COOH COOH 

2CO2 


CH2- 


See, for example, Freudenberg, Ber., 69 , 836 (1926); Micheel, Ber., 63 , 347 (1930); 
Levene and Compton, J. Biol. Chem., 112 , 775 (1936). 

Ohle, Contsicos, and Gonzalez, Ber., 64 , 1759, 2804, 2810 (1931). 
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Similar reactions were observed with a-diacetonefructose-S-sulfate and 
with the corresponding phosphoric esters. With glucose, on the other 
hand, it was found that monoacetoneglucose-3-sulfate on oxidation gave 
the 3-sulfate of monoace tonexyluronic acid and not a furtonic acid. 

In spite of the very interesting nature of these reactions, consider- 
able additional information will be needed before the results can be 
applied in any biological connections. 


Fermentations 

Alcoholic. One of the most important biological processes, and one 
of the most extensively studied, is the metabolism of carbohydrates. 
The best understood of these reactions is alcoholic fermentation, and, 
inasmuch as it may be used as a starting point for the discussion of 
almost all kindred processes, it may be considered at some length. 

Live-yeast fermentation is confined to certain disaccharides, one of 
the two nonoses, a few hexoses, a-glucosan, 5-ketofructose, and the 
trioses, and on this biisis it has been stated that only such sugars ferment 
as contain three or a multiple of three carbon atoms. In general it 
appears that the disaccharides undergo preliminary hydrolysis to the 
hexoses, although some evidence exists to show that this is not invariably 
true and that they may be fermented directly. The trioses, moreover, 
are fermented only slowly and may perhaps undergo a preliminary con- 
version, the exact nature of which will be discussed later. In any event 
the significant fermentation is that of the hexoses, and of these only 
c?-glucose, d-rnannose, d-fructose, and (by sp('cially cultured yeasts) 
d-galactose are utilized. Introduction of any substituent whatsoever * 
has been found invariably to prevent fermentation. 

In live-cell fermentation it was found that a quantitative balance- 
sheet could be prepared in which, with fair precision, the fermentation 
is described by the equation: 


C6H12OG 2CO2 + 2C2H5OH (l)t 


* Exceptions to this statement are the glycosides, but in general they are hydrolyzed 
prior to fermentation. 

t From data given in Parks and Huffman, “ The Free Energies Some Organic 
Compounds,” Chemical Catalog Co., New York (1932), it may be calculated that for 
this reaction (COj at 1 atm,, CjHjOH and CeH^Oe in 1 molal solution) 


(C2H60H)"[C02? 

(CeHiaOe) 


10^° (approx.) 


In view of this fact the irreversibility of fermentation in actual practice is not surprising. 
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However, working with the fermentation enzyme, Harden,^® in his 
brilliant researches, made the astonishing discovery that inorganic 
phosphates are involved in the enzymic reaction which is more nearly 
represented by the equation: 

2C6H12O6 + 2H3PO4 2CO2 + 2C2H5OH 

+ C6Hio04(P04H2)2 + 2 H 2 O (2) 

Harden was able to isolate a large proportion of the organic phosphate 
required by this equation, and to show that the dynamics of the reaction 
were in essential accord with this mechanism. The fact that the simpler 
equation ( 1 ) applied in the live-cell fermentation was explained by 
assuming that in the latter a mechanism exists for the rapid hydroly- 
sis of the hexosediphosphate, thus regenerating inorganic phosphate and 
fermentable hexose: 


CgHio04(P04H2)2 + 2H2O C6H12O6 + 2H3PO4 ( 3 ) 

The net result of ( 2 ) and ( 3 ) is ( 1 ). 

Such hydrolysis does, in fact, occur in the enzymic system but at 
so low a rate that the diphosphate accumulates during rapid fermenta- 
tion. It is of interest in this connection that the addition of arsenates 
or arsenites increases the rate of enzymic fermentation, which, in special 
cases, may approach that of the living yeast equivalent to the amount of 
enzyme used. This has been explained by assuming that arsenates 
increase the rate of reaction ( 3 ), regenerating inorganic phosphate more 
rapidly and thus accelerating reaction ( 2 ). 

Another significant fact, which must receive consideration, is derived 
from experiments on certain enzyme preparations which show a delayed 
starting or induction period, followed by normal fermentation. It 
has been found that certain of the phospho esters, but espc^cially the 
hexosediphosphate, in very low concentration, reduce or entirely abolish 
this induction period so that fermentation starts almost immediately. 
Nothing in the preceding reactions permits prediction of this surprising 
result, which seems to indicate the diphosphate to be some sort of inter- 
mediate in the fermentation mechanism. Against this latter view is 
the fact that the diphosphate exhibits a very low rate of enzymic fer- 
mentation, whereas a true intermediate should ferment at least as fast 
as the parent hexose under equivalent conditions. To reconcile these 
two facts, recourse was usually had to the rather unsatisfactory explana- 

See Monograph, “ Alcoholic Fermentation,” by Harden [Longmans, Green, and Co., 
London (1932)]. 
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tion that the diphosphate was liberated in an '' active ’’ state which 
had a higher rate of fermentation than the “ stable forms which 
were isolated. 

Within the past few years the problem has been entirely reopened 
and given a tremendous impetus by the important observations of 
Meyerhof and Lohmann, who found that an equilibrium is established 
with extraordinary speed between dihydroxyacetonc phosphate and 
hexosediphosphate in the presence of yeast enzyme. 


CoHio04(P04H2)2 ^ 2C3H502(P04H2) 

Hexosediphosphate Dihydroxyacetonc phosphate 

This constitutes one of the most significant observations thus far made 
in the field of carbohydrate metabolism, as here for the first time is a 
mechanism for securing the smaller triose units which have been so 
often postulated. Not only is considerable rearrangement involved in 
the reaction, but also an interchange of optically active and optically 
inactive material: 


CH20P03H2 

1 

CH2OPO3H2 

CO 

CO 

HOCH 

1 

CH20H 

HCOH 

^ CH20H 

1 

HCOH 

1 

CO 

1 

CH2OPO3H2 

1 

CH20P03H2 


The change is reversible, and it is of great interest that true thermo- 
dynamic equilibrium is attained. 

Following this major discovery, a new activity in this research field 
has brought to light a series of most remarkable reactions. Although 
the problem is in a transitional state, and although some of the present 
views may require revision later, it seems desirable to consider the cur- 
rent concept. This is perhaps best achieved by presenting the mechan- 
ism proposed by Meyerhof and Kiessling, which is as follows: 

Meyerhof and Lohmann, NcUurwissenschaften, 82, 134 ( 1934 ) ; Biochem. Z., 271, 89 
( 1934 ); 278, 413 ( 1934 ); 276. 430 ( 1935 ). 

“Meyerhof and Kiessling, ibid., 281, 249 ( 1936 ); 283, 83 ( 1935 ). 

See also the earlier basic results of Embden. For example, Embden, Deuticke, and 
Kraft, Klin. Wochachr., 12, 213 ( 1933 ); Embden and co-workers, Z. physiol. Chem., 230, 
1 ( 1934 ), 
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( 4 ) 


( 5 ) 


CeHizOe + 2H3PO4 + C6Hio04(P04H2)2 

Hexose Phosphoric acid Hexosediphosphate 

r4CH20P03H2C0CH20H ^ 4CH20P03H2CH0HCH01 
L Phosphodihydroxyacetone Phosphoglyceraldehyde J 

2CH2OPO3H2CHOHCH2OH + 2CH2OPO3H2CHOHCOOH 

a-Phosphoglycerol 3-Phosphoglyceric acid 

2CH2OPO3H2CHOHCOOH 2CH2OHCHOPO3H2COOH 

3-Pho8phoglyceric acid 2-Phosphoglyceric acid 

2CH2OHCHOPO3H2COOH ^ 2CH2=C0P03H2C00H 

2-Phosphoglyceric acid Phosphopyruvic acid enol 

2 CH 2 =C 0 P 03 H 2 C 00 H + CgHisOg 

Phosphopyruvic acid enol Hexose 

2CH3COCOOH + CgHio04(P04H2)2 

Pyruvic acid Hexosediphosphate 

2CH3COCOOH -> 2CH3CHO + 2CO2 

Pyruvic acid Acetaldehyde 

2CH3CHO + CeHi^Oe + 2H3PO4 ^ [primary ester + 2CH3CHO] 
Acetaldehyde Hexose Phosphate 

2CH2OPO3H2CHOHCOOH + 2C2H5OH (8) 

3-Phosphoglyceric acid Alcohol 

The summation of 5, 6, 7, and 8 gives 
2C6 Hi 206 d" 2H3PO4 — > 

C6Hio04(P04H2)2 + 2 CO 2 + 2 C 2 H 5 OH + 2 H 2 O, 

identical with reaction (2) discovered by Harden. In order to make 
clearer the sequence of events leading to this result, the above mechanism 
is given in diagrammatic form below: 

Alcohol _ 

' 3-Phosphoglyceric acid 


( 6 ) 

( 7 ) 


CRrimary ester) 

z' 

Glucose + H 3 PO 4 


Y 


2-Phosphoglyceric acid 
Phosphopyruvic acid 


\ / 

Acetaldehyde / 

Glucose 

Pyruvic acid 

CO 2 Hexosediphosphate 


- Pyruvic acid 

Hexosediphosphate 


In this diagram there may be seen the utilization of glucose and 
inorganic phosphate and th(^ production of hexosediphosphate, alcohol, 
and carbon dioxide, while the other products are formed and consumed 
in a cyclic manner. 
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In the mechanism as outlined in the equations above, the only 
hypothetical substances are the intermediate those phosphates in 
reaction (4) which have not been actually demonstrated in this reaction, 
and the primary ester which is assumed in reaction (8). With these 
exceptions all the substances indicated have been isolated, and in many 
instances they have been made available synthetically. The products 
have usually been demonstrated by employing incomplete systems 
(such as one lacking coenzyme) or partially impaired enzymes (such as 
those poisoned by iodoacetate or fluoride) under wliich circumstances 
the intermediates accumulate and can be isolated. 

The experimental basis for this mechanism is as follows: 

Equation (4): Although hexosediphosphate alone is only slowly 
fermented by yeast juice, in the presence of glucose and inorganic phos- 
phate it is very rapidly converted into equimolal quantities of a-phos- 
phoglycerol and 3-phosphoglyceric acid. This presumably occurs 
through the intermediates, phosphodihydroxyacetone and phosphogly- 
ceraldehyde, and there is evidence indicating the reversible interconver- 
sion of these two substances. 

Equations (5) : 3-Phosphoglyceric acid (which, incidentally, has also 
been prepared synthetically) undergoes a two-stage reaction, each 
step being reversible, whereby (levo) 3-phosphoglyceric acid is converted 
into (dcxtro)2-phosphoglyceric acid. This in turn loses the elements 
of water and gives the phosphate of the enol form of pyruvic acid. 
This final product has also been prepared synthetically. 

CH2OPO3H2 CH2OH CH2 

CHOH ^ CHOPO3H2 ^ COPO3H2 
COOH COOH COOH 

(levo) (dextro) 

Equation (6) : If glucose is added to either the natural or synthetic 
phosphopyruvic acid in the presence of the enzyme system, pyruvic 
acid and hexosediphosphate are formed by interchange of the phospho 
groups. This reaction is believed to be irreversible. 

Equation (7) : The pyruvic acid formed in reaction (6) is decarboxy- 
lated by the long-known enzyme carboxylase^ and yields acetaldehyde 
and carbon dioxide. This reaction is irreversible in character. 

Equation (8) : Acetaldehyde, glucose, and inorganic phosphate 
have been shown to react rapidly in the presence of hexosediphosphate 
and the yeast enzyme (through an assumed intermediate ester) reducing 
the aldehyde to alcohol and regenerating the original 3-phosphoglyceric 
acid. In this way the concentration of the latter is kept constant. 
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As will be seen from this discussion, the proposed mechanism rests 
on a fairly secure experimental basis. Moreover it includes certain other 
phenomena connected with fermentation which can not be discussed 
here. However, it can not be stated with certainty that the above is the 
actual sequence of reactions in normal, unimpaired fermentation and it 
is to be noted that certain of the proposed reactions [(8), for example] 
are of extremely high order. It seems probable that in such cases inter- 
mediate reactions occur which have not, as yet, been demonstrated. 
Moreover, although hexosediphosphate is written in all the above equa- 
tions, Meyerhof intends this to include monophosphates as well, and this 
relationship is still obscure. Finally it is to be noted that the “ primary 
ester,’’ which is postulated above, is considered to be an unstable 
phospho ester, not identical with any of those already known. The 
search for an intermediate of this nature dates back to Harden’s original 
discovery of the participation of phosphates in the fermentation system. 

In addition to the studies discussed above, there must be mentioned 
the work of Schaffner and co-workers, ^ who prepared mixtures of 
purified enz3unes obtained from various sources, and who by use of these 
‘‘synthetic” fermentation systems were able to produce the following 
reactions: 

CH2OHCOCH2OPO3H2 + CH3CHO + H2O 

COOHCHOHCH2OPO3H2 + C2H5OH (9) 

and 

C6H12O6 + 2H3PO4 -> CgHio 04(P04H2)2 + 2H2O (10) 

Reaction (9) , by some obscure mechanism, induces reaction (10) , and both 
are simultaneously inhibited by iodoacetic acid. These reactions, though 
not of immediate relationship to the mechanism above, nevertheless 
appear to be of considerable significance. 

In addition to the simple fermentation (1), the mechanism of 
Meyerhof and Kiessling may also be employed to explain some of the 
older observations of Neuberg.^® In an attempt to “ fix,” or remove 
from the reaction, possible aldehydic intermediates this author added 
sulfites or alkali to both live-yeast and enzymic fermentations and in 
this way was able to produce two reactions: 

C6H12O6 C3H8O3 + CH3CHO + CO2 (11) 

Glycerol 

2 C6H12O6 + H20->2C3H803 + CH3COOH + C2H5OH + 2CO2 (12) 

Schaffner and Bauer, Naturwisaensehaften, 22 , 464 (1934) ; Schaffner, Bauer, and 
Berl, Z. physiol. Chem., 232 , 213 (1935); 234 , 146 (1936). 
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It will be noted that (12) would result by combining a Cannizzaro '' 
reaction, 2CH3CHO + H2O = CH3COOH + C2H5OH, with (11). 
The existence of an enzyme has in fact been demonstrated which accom- 
plishes this type of change. Reaction ( 11 ) may be explained, on the 
basis of the Meyerhof-Kiessling mechanism, as resulting from removal of 
the acetaldehyde so that reaction (8) can no longer occur, and the 
3 -phosphoglyceric acid is therefore not regenerated. Thus, to replace 
it, ( 4 ) must proceed, and a-phosphoglycerol continues to be formed and 
to be converted to the glycerol indicated above. 

Muscle Metabolism. Many of the data discussed above have been 
secured in studies on the closely related problem of muscle metabolism. 
This highly important mechanism has been included by Meyerhof and 
Kiessling in a similar scheme, in which reactions ( 4 ), ( 5 ), and (6) are 
the same and ( 7 ) and (8) are replaced by: 

2CH3COCOOH + 2H3PO4 + C6Hi20(> 

— > primary ester + 2CH3COCOOH 
2 triose phosphate + 2CH3COCOOH 
2CH2OPO3H2CHOHCOOH + 2CH3CHOHCOOH ( 13 ) 

The phosphoglyceric acid for ( 5 ) is thus similarly regenerated, but the 
product of the reaction is lactic acid instead of alcohol and carbon 
dioxide. 

An additional reaction which has been demonstrated in the muscle 
system is 

C6H12O6 + 2 adenylpyrophosphate 

— ► CgHi204(P04H2)2 + 2 adenylic acid ( 14 ) 

This is of considerable interest in connection with the problems of 
coenzyme and hexosediphosphate fonnation, but its implications can- 
not be considered here. 

Other Fermentations. The mechanism just described can quite 
obviously be employed to describe the important lactic acid fermenta- 
tion, for the net initial reaction is the same: 

C6H12O6 2CH3CHOHCOOH 

although in the muscle the lactic acid then undergoes further transfor- 
mation. That the above mechanism is indeed applicable to the lactic 
acid fermentation is partially substantiated by experimental evidence, 
but this is not yet nearly so complete as that for alcoholic fermentation. 

In view of the tremendous amount of research which has been 
required to advance the understanding of these well-known processes to 
its present stage, it is not surprising that in the less-explored fields 



1532 


ORGANIC CHEMISTRY 


there should be little real knowledge. The ingenious and plausible 
mechanisms which might be written are largely without experimental 
verification and for some the enzyme systems have not even been 
isolated. Thus for the moment it seems desirable to postpone con- 
sideration of possible mechanisms until adequate data have been accu- 
mulated. Some of the commoner fermentations are indicated below, 
but in most of these reactions two or more processes appear actually 
to be taking place simultaneously, for the proportions of the various 
products may be changed by modifying the conditions. These are, 
therefore, to be considered as idealized equations which serve chiefly to 
indicate the nature of the products formed. 

Butyric Acid Fermentation. A suggested mechanism is the following: 

C6H12O0 -> 2C3H0O3 -> 2CH3CHO + 2HCOOH 
CH3CHO + H2O CH3COOH + H2 and HCOOH CO2 + H2 
2CH3CHO CH3CHOHCH2CHO 

CH3CH=CHCH0 + H2O CH3CH2CH2COOH 

This mechanism accounts for the main products of the reaction 
which are butyric and acetic acids, carbon dioxide, and hydrogen, while 
a trace of formic acid is always present. The internu'diate triose postu- 
lated above is presumably formc^d by the same sort of mechanism as in 
alcoholic fermentation and may actually be a phospho ester. 

Butyl Alcohol and Acetone. The mechanism is like that above, with 
the addition of the following reactions: 

2CH3COOH -> CHaCOCHsCOOH-^CHaCOCHs + CO2 
CH3COCH3 + 2H -> CH3CHOHCH3 
CH3CHO + 2H -> CH3CH2OH 
CH3CH2CH2COOH + 4 H CH3CH2CH2CH2OH + H2O 

In this way, butyl alcohol, acetone, and ethyl and isopropyl alcohols, 
are added to the products above. The first two are the dominant 
reaction products, and the fermentation has considerable commercial 
utility for production of these substances. 

Propionic Acid. The intermediate here appears to be lactic acid: 

CgHi20g 2CH3CHOHCOOH 

CH3CHOHCOOH CH3COCOOH + 2 H 

CH3COCOOH CH3CHO + CO2 

CH3CHO + H2O CH3COOH + 2 H 

CH3CHOIICOOH + 2H CH3CH2COOH + H2O 
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Propionic and acetic acids dominate, although other by-products 
are formed. 

Citric Acid. The formation of a tribasic acid manifestly involves a 
very complex reaction, but the equation may be written in a simple 
form: 

C6H12O6 + H2O CeHgOr + 6H 

Acceptors for the hydrogen may be postulated in numerous ways. 

Xylose Fermentation. Among the many pentose fermentations may 
be mentioned one in which xylose is fermented to the extent of 85-90 
per cent to an equimolar mixture of acetic and lactic acids : 

C5H10O5 = CH3COOH + CH3CHOHCOOH 

Oxidation hy Acetobacter suboxydans. This organism produces 

I 1 

dehydrogenations of the general type, CHOH — > CO + 2H. In this 

i I 

manner alcohol is converted to acetaldehyde, isopropyl alcohol to ace- 
tone, glycerol to dihydroxy acetone, sugar alcohols to ketoses, and glu- 
conic acid to 5-ketogluconic acid. In the sugars the CHOH group adja- 
cent to the primary alcohol group is convc^rted to the ketose. 

Oxidation by Acetobacter xylimim. The initial oxidations are identi- 
cal with those above, but further oxidation of the products also occurs. 

It is to be noted that in all these reactions the essential feature is the 
transfer of hydrogen by one or more mechanisms, and this may be 
considered as fundamental to all these* biological processes. How- 
ever, as in the alcoholic fermentation, the mechanism of this transport 
may prove to be highly complex. 
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INTRODUCTION 

Cellulose, the chief constituent of all living plants, is built up of 
glucose ‘anhydride units (CeHioOs), and this suggests that it owes 
its formation in the plant to a condensation of glucose units with loss of 
water. These units, it is now believed, are arranged in long chains, but 
how many units are linked together in the cellulose as it appears in the 
fiber cannot yet be stated with certainty. However, without doubt there 
are many, endowing this substance with all the characteristics of high- 
molecular-weight compounds. This fact, together with the fact that 
cellulose, in contrast to many other carbohydrates, appears in the form 
of an organized structure, complicates the course of the reactions which 
cellulose undergoes upon various treatments. Both these facts call for 
close consideration in order to understand the manifold and often 
strange phenomena which must be dealt with in the laboratory or in the 
factories in which cellulose is either the chief product or the raw mate- 
rial. On the other hand, these peculiarities — namely, its colloidal char- 
acter and its fibrous structure, explain the enormous utility of cellulose 
for a great variety of purposes. 

Cellulose may be obtained from any plant. The process of isolation 
is always the same in principle, that is, the non-cellulosic substances, for 
example lignin of wood, are removed by more or less drastic methods 
of treatment and subsequently the cellulose is obtained in its various 
structural forms, as hair (from cotton), as bast (from flax, etc.), and as 
fibers (from wood). The term fiber is now being used for all forms, how- 
ever. Cotton is the most productive cellulose source for the textile in- 
dustry; wood is the chief cellulosic raw material for the pulp and paper 
industry. Artificial fibers (rayon, cuprammonium silk, acetate silk, 
and other types) have for their sources both cotton and wood, though 
wood is assuming greater prominence. 

The purest cellulose may be obtained from raw cotton. After fat, 
wax, and other soluble impurities have been removed by extraction 
with organic solvents, the cellulose is freed of other non-cellulosic sub- 
stances, such as pectin, by careful treatment with dilute alkali, and, 
after washing, it is bleached slightly with hypochlorite or other bleach- 
ing agents. The resulting product is termed standard cellulose and may 
be used as such for experimental studies.* 

Wood pulp may be obtained by cooking wood, in the form of small 
chips, with a solution of calcium or sodium bisulfite and free sulfurous 
acid (sulfite process), or with a solution of caustic soda (soda process), 

♦ This is the American Chemical Society method. See Corey and Gray, Ind. Eng, 
Chem„ 16 , 863, 1130 (1924). See. also, Schwalbe, Papier-Fabr,, 24 , 769 (1926). 
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or with a solution containing, in addition to sodium hydroxide, a certain 
percentage of sodium sulfide originating from sodium sulfate (sulfate 
process). 

The pulp so obtained retains a few per cent of lignin, varying 
amounts of non-cellulosic carbohydrates such as xylan, araban, and 
mannan, as well as a few per cent of resin and ash. By bleaching, the 
lignin and other coloring matter may be removed entirely, but the other 
non-cellulosic substances and the resin are more difficult to remove. 
Alkaline refining treatment reduces these substances to low percentages. 

Pulp manufactured in this way may be used for scientific investiga- 
tion after the remainder of the resin has been extracted with organic 
solvents and the ash content reduced by treatment with dilute mineral 
acids at a slightly elevated temperature. 

The reactions which cellulose undergoes resemble those which are 
observed in the simple sugars. Since, however, of the aldehyde — that is, 
reducing — groups possibly all but one are involved in the linkings between 
the individual glucose anhydrides, cellulose lacks the pronounced reduc- 
ing power of most of the sugars, and its chief reactions are based upon 
its hydroxyl groups. These react as in alcohols forming addition com- 
pounds with alkalies and certain complex salts; they react also to form 
alcoholates, esters, and ethers, and on oxidation are converted step-wise 
into aldehydic and into carboxylic groups. In the formation of esters 
and ethers the large cellulose molecule may be maintained more or less 
intact, but oxidation is often preceded or accompanied by hydrolysis at 
the bridges between the individual glucose anhydrides. Thus the out- 
come of oxidation is oftc’ii merely a mixture of still intact cellulose with 
the low-molecular-weight products of hydrolysis and oxidation. The 
latter is termed either ^ ‘hydrocellulose' ^ or “oxy cellulose," depending 
upon which type of these products predominates in the mixture. 

Because it is chiefly the hydroxyl groups which characterize the re- 
actions of cellulose, it may be classified as an aliphatic alcohol and it 
may be expected to behave as such. 

Primary means of clarifying the chemical constitution of cellulose are 
offered by the process of degradation, and of the various possible meth- 
ods hydrolysis, prefc^rably after methylation, is most suitable for deter- 
mining the mode of linking between the individual glucose anhydride 
units. Gradual hydrolysis or acetolysis (that is, hydrolysis after 
acetylation) also leads to the isolation of a number of oligosaccharides, 
with six, five, four, and three glucose anhydrides linked together, before 
the disaccharide, cellobiose (p. 1464), and the end product, glucose 
(p. 1401) are reached. 

X-ray analysis has become the primary means of investigating the 
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fine structure of cellulose and has definitely revealed its crystalline 
nature. It is assumed that within the geometrical unit cell the individual 
molecular chains are arranged parallel to each other and that this ar- 
rangement is laterally stabilized by secondary valence forces exerted by 
quadrivalent oxygen atoms. It is also assumed that the chain bundles 
are of varying length but of fixed breadth and thickness, and are ar- 
ranged in hypothetical units called crystallites or micellae. These 
micellae, assumed to be held together by ‘Tertiary'^ or ^^micellar^’ forces, 
build up the fibrillae, the first constituents of the fiber which may be 
detected under the microscope. 

The complicated physical structure of cellulose causes the reactions 
to assume a heterogeneous character, in contrast to the homogeneous 
reactions exhibited by most other organic compounds. 

THE FORMATION OF ALKALI CELLULOSE AND 
CELLULOSE ALCOHOLATES 

Caustic soda solution containing about 18 per cent sodium hydroxide 
exerts a considerable swelling effect on cellulose, an effect which is used 
commercially in the process of mercerization. This phenomenon is dis- 
tinctly exothermic, and it seems established that under the conditions of 
mercerization a chemical combination of the two components takes place 
which leads to a definite chemical compound of the formula (C6Hio05)2* 
NaOH.* The compound is termed alkali cellulose or, more exactly, sodi- 
um hydroxide cellulose. There are possibly one or two molecules of 
water in chemical combination with the alkali cellulose. 

The combination of two glucose anhydride units with only one 
molecule of sodium hydroxide has its parallel in the behavior of a num- 
ber of simple alcohols, polyalcohols, and polyhydroxy compounds with 
metal hydroxides. Thus, for example, glycerol, erythritol, mannitol, 
and dulcitol undergo reactions to form addition compounds with metal 
hydroxides which may Ix^ regarded as complex compounds in the Werner 
sense. 

It also appears quite possible that the reaction between cellulose and 
sodium hydroxide is one of alcoholate formation. This has been indirect- 
ly deduced from the so-called viscose reaction — i.e., the conversion of 
alkali cellulose by means of carbon disulfide into cellulose xanthate 
which, dissolved in dilute caustic soda solution, is used for the manu- 
facture of artificial silk (viscose silk, rayon), films (cellophane), and so 
forth. This reaction appears to be analogous to the formation of xan- 

♦ This formula expresses the fact that the compound contains one molecule of sodium 
hydroxide per two glucose anhydride units of the cellulose chain. In this and like formulas 
throughout the chapter, the pol3maeric character of the cellulose portion is implied. 
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thogenic acid by the action of carbon disulfide on sodium alcoholate 
(p. 1548). Metallic sodium dissolved in liquid ammonia reacts with 
cellulose, one atom of sodium entering the molecule rather easily whereas 
two more react only slowly; since, however, not more than three 
sodium atoms enter the (CeHioOs) unit, cellulose may be regarded as a 
trihydric alcohol. ^ 

It is interesting to note that the mercerizing effect usually secured at 
about 20° with a 17-18 per cent caustic soda solution is obtained at 
lower temperatures with k^ss concentrated solutions, for example, at 
—10° a concentration of 6.5 per cent suffices. It must be assumed 
that the low temperature combination leads to the same alkali com- 
pound. It should be mentioned here that at 20° the maximum swelling 
effect is obtained with a 10-12 per cent sodium hydroxide solution. 

The concept of a number of investigators that the reaction between 
cellulose and sodium hydroxide is one of simple adsorption according to 
purely physical laws- cannot be well understood in the light of x-ray 
(p. 1586) analysis, for in following the reaction, using sodium hydroxide 
of increasing concentration, x-ray analysis shows that true adsorption is 
dealt with only below a concentration of 9 per cent. Below this con- 
centration the x-ray pattern of the fiber remains unchanged, but with 
increasing concentration the diagram begins to change and shows a very 
distinct alteration at a concentration in the neighborhood of 18 per cent. 

More recent x-ray analysis seems to indicate that not one but a 
variety of alkali celluloses are formed in the course of treating cellulose 
with caustic soda solutions of increasing concentration. However, 
nothing definite can yet be said about their compositions or about the 
types of reactions,^ and the same seems to hold true as regards the 
various addition compounds which cellulose forms with ammonia.^ 

Alkali celluloses may also be obtained with the hydroxides of potas- 
sium, lithium, cesium, and rubidium. The first two combine as does 
sodium hydroxide, namely, with two molecules of cellulose, but cesium 
and rubidium combine with three. It is interesting to note that each 
hydroxide shows its maximum swelling effect upon cellulose at a definite 
concentration. This effect is greatest with lithium hydroxide and 
smallest with cesium hydroxide, and the maxima coincide with that 

^ Scherer and Hussey, J. Am, Chem. Soc., 63 , 2344 (1931). 

* Bancroft and Calkin, J. Phys. Chem., 39 , 1 (1935); Calkin, “Colloid Symposium 
Monograph” (1930). 

* Schramek and Kiittner, Kolloid-Beihefte, 42 , 331 (1935); previous literature also 
cited here. 

^ Barry, Peterson and King, J. Am. Chem. Soc., 68 , 333 (1936); see, also, Clark and 
Parker, paper presented before the Cellulose Division of the American Chemical Society 
at Chapel Hill, N. C., April, 1937. Hess and Gundermann, Bcr., 70 , 527 (1937); Moyer 
and Badenhuizen, Nature, 140 , 281 (1937). 
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concentration of the hydroxide solution at which formation of the alkali 
cellulose compound occurs.^® 

A number of strong organic bases such as trimethylsulfonium 
hydroxide and guanidinium hydroxide, as well as hydrazine, ethylenedi- 
amine, and tetramethylenediamine, also combine with cellulose in 
varying proportions.^ Some of them dissolve cellulose.^^^ 

Alkali cellulose is very unstable, being easily decomposed by water 
into its components. The cellulose is regenerated with a number of 
physical properties changed. The term ‘‘cellulose hydrate’' for the 
regenerated (merceriz(*d) cellulose is derivc^d from th(^ earlier conception 
that the cellulose is regenerated from the alkali cellulose with one mok'- 
cule of water chemically combined. This, however, is not so. The 
physical changes, due principally to the swelling under th(‘ influence of 
the alkalies, are indicated particularly by increased hygroscopicity, 
greater absorption capacity for dyestuffs, and greater reactivity in gen- 
eral, provided the cellulose hydrate is not subjected to much drying at 
too elevated temperatures. This increased n^activity of cellulose 
hydrate has also been demonstrated by the intensified action of enzymes, 
such as cellulase which leads to glucose. 

The physical changes arc also reflected in the x-ray diagram of the 
cellulose hydrates; the lattice appt^ars slightly deformed and widened, 
which might explain the greater reactivity of cellulose hydrate.^® 

The same physical changes are found in all cellulose preparations 
which are obtained by regeneration, for example, from solutions of 
.cellulose in cuprammonium hydroxide and complex salts, and from 
esters. 

It may be mentioned that the mercerizing effect (i.e., the phenomenon 
in its physical asf)ect) is also obtained by allowing strong inorganic acids, 
such as concentrated sulfuric or nitric acid, to act upon cellulose for a 
short time, the action binng due to the swelling effect these acids exert. 

As mentioned above, the formation of alkali cellulose plays an essen- 
tial part in the viscose reaction. In order to obtain a solution which 
may be “ spun ” (forced through the very fine openings of a nozzle) 
without difficulties — that is, a solution of sufficiently low final viscosity 
— it is necessary to subject the alkali cellulose to a certain degree of 
degradation. This is termed aging ” and is brought about by allow- 

^ Heuser and Bartunek, Cellulosechem., 6 , 19 (1925). 

Dehnert and Konig, ibid., 5 , 107 (1924). 

Lieser, Ann., 528 , 276 (1937); Bock, paper presented l)efore the Cellulose Division 
of the American Chemical Society at Chapel Hill, N. C., April, 1937. 

^ Karrer and llling, Helv. Chim, Acta, 8 , 245 (1925); Karrer, Schubert, and Wchrli, 
ibid., 8 . 797 (1925). 

'**’ Mark, ‘Thysik und Chemio dor Cellulose,” Springer, Berlin (1932), p. 215. 
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ing the alkali cellulose, after being freed of excess caustic soda by 
means of pressing or centrifuging, to stand at room temperature for 
approximately 72 hours. The aging process is characterized by: 
(1) a decrease in viscosity of the regenerated cellulose, e.g., in cupram- 
monium solution; (2) an increase in the solubility of the regenerate in 
an 8 per cent caustic soda solution; and (3) a slight increase in reducing 
power and a slight liberation of carbon dioxide. This carbon dioxide 
evolution, and the fact that these changes arc much less pronounced 
when aging takes place with the exclusion of air and are marked when 
oxygen is given access, indicate that, chemically, aging is a process of 
oxidation. Besides, physical degradation of the micellar structure takes 
place. Both would explain the decrease in viscosity and the increase in 
solubility. The products of oxidation consist of aldehydes and acids, 
probably also aldehyde acids such as glucuronic acid^-^ (p. 1447). 

Hot alkalies do not exert the mercerizing effect; they dissolve the 
cellulose partly or completely, depending upon the concentration, tem- 
perature, and pressure. On complete solution of cellulose at high 
temperature and under high pressure, a variety of decomposition 
products of various sugars results, among which is found principally 
lactic acid.^^ W. L. Evans and his school have thrown much light on 
the mechanism of alkaline degradation of simple sugars and various 
di- and oligosaccharides.^ 

Fusion of cellulose with solid sodium hydroxide results in a far- 
reaching degradation of cellulose. The chief product is oxalic acid. 

CUPRAMMONIUM CELLULOSE 

Cellulose first swells considerably, then dissolves in a solution of 
cupric oxide in ammonia. This solvent, called “Schweitzer’s reagent” 
or “cuprammonium ” solution, is one of the very few solvents for 
cellulose from which it may be regenerated practically unchanged 
chemically. 

It will be remembered that the complex base, copper-tetraammino 
hydroxide [Cu(NH 3 ) 4 (OH) 2 ], contained in the cuprammonium solution, 
reacts with some polyalcohols like glycerol to form complex compounds. 
Cellulose, too, is capable of forming a complex addition compound with 
the base in which possibly two glucose units react with one copper atom 

Heuser and Schuster, Cellulosechem., 7 , 17 (1926); Waentig, Kolloid-Z., 41 , 154 
(1927); Weltzien and zum Tobel, Ber., 60 , 2024 (1927); Lottcrmoser and Schwarz, 
Kolloid-Beihefle, 42 , 408 (1935); Davidson, J. Textile Inst., 23 , T. 95 (1932). 

Heuser, Paper Trade J., 89 , T. 271 (1929). 

® Evans and collaborators, J . Am. Chem. Soc., 53 , 4384 (1931); 54 , 698 (1932); also, 
“The Alkaline Degradation of Certain Oligosaccharides”; paper read before the Division 
of Organic Chemistry of the American Chemical Society in Pittsburgh, September, 1936. 
See also, Spengler and Pflanncnstiel, Angew. Chem., 48 , 475 (1935). 
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to form a copper alcoholate, two of which then unite with one molecule 
of copper-tetraammino hydroxide. 

Cellulose in cuprammonium solution shows very pronounced 
levorotation, a phenomenon which is used for determining the degree 
of degradation of cellulose preparations.^ It also led Hess to develop 
the hypothesis that cellulose in cuprammonium solution is dissolved to 
monomolecular glucose anhydrides which are both chemically and 
kinetically independent and that cellulose itself represents an association 
of the monomolecular glucose anhydrides held tog(^ther by forces other 
than primary valence forces. According to more recent views it do(^s 
not seem to be necessary to explain the rotatory power of the cupram- 
monium cellulose on the ground that the primary valence structure of 
the cellulose molecule has changed. 

Cellulose may be regenerated from its solution by means of dilute 
acids, ammonium chloride, and many other salts, as well as by alkalies. 
No change can be recognized provided that regeneration is brought 
about not too long after dissolution and that the latter took place with 
careful exclusion of oxygen (air) and light. However, in the prescmce 
of air, cellulose is very sensitive and undergoes partial oxidation. This 
change, which und('r these conditions becomes measurable after only 
a few minutes, is indicated by a decrease in \iscosity and an increase 
in the solubility of the regencTate in 8 per cent caustic soda solution. 

Cuprammonium solution, because of its rapid solvent action upon 
cellulose and the fact that it does not degrade the cellulose if proper 
precautions are observed, is the most suitable solvent for any cellulose 
preparation the viscosity of which is to b(' determined. 

Instead of copper-tetraammino hydroxide, copper-ethylenedi amine 
hydroxide may be used. The formula of the copper-ethylenedianiine 
cellulose, which has been isolated,^ is [Ci2HicOioCu] [Cu (En)2] in which 
En'^ represents ethylenediamine. In the copper-tetraammino com- 
pound the two ethylenediamine molecules are replaced by four ammonia 
molecules. Both compounds form complex metal salts. With sodium 
hydroxide, for example, a comfK)und of the formula [Ci2HioOi()Cu]Na2 
is obtained.^® The corresponding compounds are formed with the 
alkaline earths and with thallium nitrate.® 

® Hess, “Die Chemie der Cellulose,” Akad. VerlaRS-Ges., Leipzig (1028), p. 30G. 

Hess and Wittelsbach, Z. Elektrochem., 26 , 232 (1920). 

Schellor, Melliand TextUber., 16 , 787 (1935); Baneroft, paper presented before the 
American Chemical Society meeting at Pittsburgh, September, 1936. 

®® Heuser, “ Lehrbuch der Cellulosechemie,” 3rd od., Borntraoger, Berlin (1927), p. 176. 

7 Traube, Ber., 63 , 2083 (1930). 

Hess and Messmer, Ber., 66 , 2432 (1922); Houser, Papier-Fabr., 26 , 238 (1927). 

8 Traube and Funk, Ber., 69 , 1476 (1936). 
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The cuprammonium solution of cellulose also serves an important 
commercial purpose, namely, the manufacture of artificial silk copper 
silk,^' cuprammon rayon the solution is forced through fine nozzles 
into dilute sulfuric acid and the cellulose is regenerated in the form of 
a thread of cellulose hydrate. 

Cellulose may also be dissolved in a number of electrolytes, particu- 
larly those which exert a pronounced swelling effect upon it, as, for 
example, the thiocyanates. Usually an elevated temperature is re- 
quired to achieve dissolution and the cellulose is more or less degraded. 
Recently some mineral acids (particularly phosphoric acid) have been 
described as good actual solvents for cellulose, when used with proper 
precautions. ^ The use of quaternary ammonium bases as solvents has 
been mentioned before. 


CELLULOSE ESTERS 

Just as an alcohol undergoes esterification with an acid in the presence 
of a dehydrating medium or by the action of an acid chloride, so cellulose 
may be converted into esters. Since, as will be seen later, of the five 
available hydroxyls in each glucose unit two are involved in the link- 
ings with the neighboring glucose anhydrides, there are only three 
hydroxyls in cellulose which may be esterified. It has not always been 
possible to convert all three hydroxyls into ester groups, and esterifica- 
tion seems to arrest itself at two hydroxyls and sometimes even at one. 
This is due to the inactivity of the cellulose and, consequently, to the 
slowness with which most cellulose reactions proceed, which may be 
explained partly by assuming that in the bundles of glucose anhydride 
chains only a part of the hydroxyls are exposed on the surface, another 
inner part being less easily accessible so that means are needed to open 
the path for the agents to react. However, the three available hydroxyls 
often behave as if they are not equivalent. To facilitate access of the 
agents it suffices in many cases to bring about, with strong caustic soda 
solution, strong acids, or other means, a marked swelling, to which 
cellulose, as has been seen, yields easily. In other cases, it is even 
necessary to bring about a shortening of the long-chain molecule which, 
to a greater or lesser extent, may already have occurred owing to the 
nature of the dehydrating medium chosen, as for example concentrated 
sulfuric acid, particularly at elevated temperatures. The result of 
esterification, then, is a mixture of molecules of greater and smaller 
chain length, among which even oligosaccharides, cellobiose, and glucose 
may be found. All are esterified to a varying degree, and cumbersome 


8 af Ekenstam, Ber., 69 , 549, 653 (1936). 
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methods of fractionating have to be resorted to in order to separate the 
mixture. For commercial purposes this procedure is omitted, and the 
mixture is used as such. However, if fiber structure and a certain 
physical strength are retained on esterification, it may be safely assumed 
that the reaction has proceeded without substantial degradation. On 
the other hand, the loss of fiber structure during esterification does not 
necessarily mean that chemical degradation has occurred. The cellulose 
fiber or the derivative formed may merely go into solution. 

The cellulose esters are soluble in organic solvents, each ester having 
one (or more) most suitable solvent or mixture of solvents. The extent 
to which the esters dissolve is used as an indication of the completeness 
of esterification. It also serves to distinguish between di- and triesters. 
The viscosity of the solution is dependent upon the extent of degradation 
which the cellulose has undergone on esterification, low viscosity indi- 
cating a far-reaching degradation, and vice versa. The cellulose esters, 
like aliphatic esters, yield to saponification, whereupon cellulose and acid 
are regenerated. Sometimes it is possible to regenerate the cellulose 
without further degradation, and an investigation of the regenerate (e.g., 
by determining its viscosity in cuprammonium solution) shows how 
much degradation the cellulose has suffered during esterification. 

The cellulose esters are of great technical interest, particularly the 
nitrate and the acetate. 

Cellulose nitrate (nitrocellulose, nitric acid ester), C 6 H 702 ( 0 N 02 ) 3 , 
which theoretically requires a nitrogen content of 14.17 per cent, may be 
obtained by treating cellulose with a mixture of nitric and sulfuric or 
other mineral acids containing a certain percentage of water, at a 
temperature preferably not higher than 40°. The process of nitration 
seldom takes longer than an hour depending upon the concentration 
of the acids used, the proportion of nitric to sulfuric acid, and the tem- 
perature. Of the factors governing the process, the water content of 
the acid mixture is of predominating influence upon the characteristics 
of the nitrocellulose, particularly upon its nitrogen content and its 
solubility in certain solvents, such as ether-alcohol mixture. The use 
of higher temperature would be detrimental, considering the fact that 
the acid mixture not only brings about esterification but at the same 
time exerts a certain hydrolyzing and oxidizing effect upon cellulose, 
as well as a saponifying effect upon the ester. The results of such unde- 
sirable side reactions are impurities which have to be removed in order 
to obtain the pure ester. But even under normal temperature condi- 
tions (usually 30° zb 5°), smaller or larger amounts of impurities are 
formed, depending upon the cellulose raw material used. Impurities 
are removed by washing the nitrate with water and then boiling it with 
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water for several hours (^^stabilization”). Drying has to be carried 
out with care since the nitrate is easily inflammable and, if detonated 
by a blow or by means of mercury fulminate, highly explosive. The 
only products of this detonation, besides water vapor, are gases — chiefly 
nitrogen, hydrogen, and carbon dioxide. It should be mentioned here 
that, because of the extreme hazards, drying of nitrocellulose is hardly 
ever practiced commercially. Instead it is handled wetted with water, 
or if desired, the water may be replaced by alcohol or some other suit- 
able non-solvent for nitrocellulose. 

The presence of sulfuric acid in the nitration acid is necessary to 
carry the reaction through within a reasonable time; without it, 
days are required for completion. Sulfuric acid may be replaced by 
phosphoric acid ^^ or by glacial acetic acid,^^ phosphoric acid leading 
to a trinitrate of the theoretical nitrogen content, 14.17 per cent, 
scarcely obtainable with the usual nitration acid mixture. 

More recently it has been found possible to nitrate cellulose to a 
nitrogen content of 11-13 per cent within 18 to 48 hours at 20° by 
means of nitric acid fumes without the presence of a dehydrating agent 
except the nitric acid itself. The long time required tends to degrade 
the cellulose, which degradation is indicated by a decrease in the viscosity 
of the nitrocellulose solution in acetone, butyl acetate, or the like. ^ - 
It is also claimed that nitric acid anhydride dissolved in carbon tetra- 
chloride yields a pure trinitrate. ^ 

With nitric acid of lower concentration (68.6 per cent) than that 
required for nitration (75-77 per cent), cellulose forms an addition 
compound which, because of its discoverer, is called ^‘Knecht’s com- 
pound.” Its formula is probably C 6 Hi() 05 *HN 03 H20, which would 
indicate that it is an addition compound of cellulose and the mono- 
hydrate of nitric acid. Its first appearance, with 62 per cent nitric acid, 
may be observed by x-ray photography. ^ This also allows a following 
of the nitration process and recognition of it as a gradually proceeding 
esterification of the hydroxyl groups. But not until a nitrogen content 
of 12.5 per cent has been reached can a characteristic nitrocellulose fiber 
diagram be obtained. ^ ^ This shows that the hydroxyls of the cellulose 
are attacked in an irregular way — that is, the esterified groups are dis- 
tributed unevenly in the micellae and probably also within the single 
chains, which means that mixtures result, so that the products termed 

^0 Berl and RuefT, CcJlulosecheni., 14 , 115 (1933). 

Trogus, Bcr., 64 , 405 (1931). 

12 Rogovin and Tichonov, Cdhilosechem.^ 15 , 102 (1934). 

1® Dalmon, Ch6din, and Brissaud, Compt. rend., 201 , 064 (1935). 

1^ Trogus, Celluloacchern., 15 , 104 (1934). 

1® Mathieu, Compt. rend., 200, 143 (1933). 
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mono- and dinitrates according to their nitrogen content cannot be 
regarded as homogeneous chemical individuals. The trinitrate alone 
gives a sharp and clearly patterned diagram. On rapid nitration it may 
happen that in some of the chains all three hydroxyls are nitrated 
simultaneously while in others only two or one are ester ified. This 
produces mixed diagrams. It therefore appears doubtful whether nitra- 
tion leads to any state of equilibrium before all available hydroxyls are 
nitrated. 

It is possible that Knecht^s compound, which easily separates into 
its components when treated with water, forms as an intermediate dur- 
ing nitration. The sulfuric acid ester of cellulose ^ which may form 
under certain conditions of nitration may also be regarded as an inter- 
mediate ; it too is rather unstable. 

The nitric acid ester may be saponified by means of strong sulfuric 
acid. The inorganic group is quantitatively regenerated as nitric acid, 
while the cellulose is largely degraded chemically. Such degradation 
also occurs with most of the other methods in w^hich the nitrogen may 
be liberated as such, or in the form of nitric acid, nitric oxide, or other 
nitrogen compounds. 

By saponification with alkali alone, whereby all nitrogen is con- 
verted into nitrite, the cellulose becomes oxidized. However, with 
potassium or other hydrosulfides which also convert all the nitrogen 
into nitrite, cellulose emerges with only slight signs of degradation. 

Cellulose Acetate. Of the esters which cellulose forms with organic 
acids the acetate (acetylcellulose) is the most important; like the several 
modifications of the nitrate, the products of varying acetyl content 
have found a rather wide field of commercial use. Cellulose acetate 
may be obtained on treatment of cellulose with acetic anhydride (dis- 
solved in acetic acid) in the presence of agents which exert a marked 
swelling action upon cellulo.se. For the sake of convenience these 
agents are termed catalyzers.’' Sulfuric acid, sulfuryl chloride, and, 
less frequently, zinc chloride, are u.sed. Simultaneously the.se agents 
exert a certain hydrolyzing effect upon cellulo.se, depending essentially 
upon the temperature. Under the influence of the reagents cellulose 
loses its fibrous structure and passes into the state of a thick, viscous 
paste. After acetylation is completed, the paste is poured into water 
whereby the water-soluble products of degradation are removed and the 
acetate is obtained in the form of white flocks. It is further purified 
by boiling in water. 

Esterification, like nitration, proceeds only slowly so that after 
certain intervals step products are obtained which, again, are nothing 
Reference 6c, p. 54; Traube, Blaser, and Grunert, J5er., 61, 754 (1928). 
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but mixtures of partly acetylated chains with others still intact or more 
or less degraded. The further esterification proceeds — i.e., the more 
hydroxyls react, the more uniform the product of reaction becomes, until 
the triacetate is reached. Thus only the triacetate, after esters of 
degraded chains have been removed, may be regarded as uniform. 

It has very nearly the acetyl content which is theoretically required for 
C 6 H 702 ( 0 C 0 CH 3 ) 3 , namely, 44.8 per cent (62.5 per cent combined 
acetic acid). 

The triacetate is soluble in chloroform and insoluble in acetone; it 
is resistant to boiling water and to temperatures up to 125®; it begins 
to melt at about 250®. The solution in chloroform and in other solvents, 
such as tetrachloroethane and pyridine, shows levorotation. With 
progressive degradation of the cellulose during acetylation (acetolysis) 
the levorotation inverts to dextrorotation. 

On careful acetylation, particularly by diluting the acetic anhydride- 
suKuric acid mixture with benzene or carbon tetrachloride (i.e., solvents 
in which the acetate is insoluble), the fibrous structure of the original 
cellulose is maintained. Thus a product suitable for making x-ray fiber 
diagrams is obtained, and as in nitration, acetylation may be followed 
and well recognized as a topochemical reaction. ^ Another way of 
following the process also adaptable to nitration is to observe the 
change in double refraction of the fibers undergoing acetylation. 

From the foregoing it will be readily understood that in acetylation 
also it is practically impossible to obtain the lower steps (the di- and the 
monoacetate) in pure form. On attempting to adjust esterification in 
order to arrive at the lower steps, only a mixture results whose acetyl 
content, if found to be that of the diacetate (48.8 per cent combined 
acetic acid), is merely misleading. The same holds true if one attempts 
to obtain the lower stages by partial saponification with mineral or 
certain organic acids. This method is of commercial importance, since 
in such a partial saponification, e.g., to a product whose acetyl content 
ranges between that of a tri- and a diacetate (37-42 per cent, correspond- 
ing to 51-58.6 per cent of combined acetic acid), certain changes in 
physical structure seem to be involved which are essential for the 
production of films, for instance, of sufficient elasticity and physical 
strength. ^ The last-named properties are directly related to the vis- 
cosity of the solution. While the triacetate is soluble in chloroform, 
the partially saponified product is soluble in acetone, which serves as 

Ost, Z. angew. Chem., 32 , 66 , 76, 82 (1919). 

Reference 4c, p. 274. 

Karamaru, Hclv. Chim. Acta, 17 , 1429 (1934). 

See, however, Elocl and Schrodt, Z. angew. Chem., 44 , 933 (1931). 
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the basis for commercial utilization. Reacetylation yields a uniform 
triacetate. 

Complete saponification, which may be brought about by means of 
acids or alkalies ^ ^ regenerates the cellulose in a more or less degraded 
form, depending upon the agent used and the conditions chosen. If in 
both acetylation and saponification mild processes are employed, the 
regenerated cellulose appears scarcely degraded. This is supported by 
the x-ray pattern of samples thus prepared, which is th(‘ same as the 
pattern of the mercerized^’ cellulose regenerated from alkali cellulose. 

Cellulose undergoes esterification with a great number of other acids. 
The sulfuric and phosphoric acid esters play a certain part as intermedi- 
ates during acetylation if such acids are used as catalyzers.” 

Of the organic acids the following have been more or less successfully 
used for esterification of cellulose: formic, chloroacetic, carbonic, 
propionic, butyric, stearic, lauric, palmitic, caprylic, oxalic; also aro- 
matic acids such as benzoic, phthalic, cinnamic, and a number of 
sulfonic acids, particularly p-toluenesulfonic acid. 

Aminocellulose. The ester of p-toluenesulfonic acid, C 6 H 9 O 4 O 
SO 2 C 6 H 4 CH 3 , is obtained by the action of the chloride of p-toluene- 
sulfonic acid on alkali cellulose. Under the influence of ammonia the 
toluenesulfonyl group is said to be removed and replaced by an amino 
group, resulting in aminocellulose. 

It has been reported that amines, such as aniline, perform the sub- 
stitution reaction on the p-toluenesulfonate of cellulose. ^ ® 

Aminocellulose may also be termed polymerized aminoglucose anhy- 
dride (p. 1484), and as such it bears a certain resemblance to chi tin or 
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” Zempl^n, Ber.. 69 , 1827 (1936). 

Reference 6c, p. 71; Hess, “ Die Chemie der Cellulose,” p. 428. 

Karrer and Wehrli, Z. angety. Chem.y 39, 1509 (1926); Sakurada, J. Soc. Chem. Ind. 
Japan, supplemental binding, 32, IIB (1929); Hess and Ljubitsch, Ann., 607, 62 (1933). 
According to information recently received, the introduction of amino groups into cellulose 
has not been confirmed by other investigators. However, amines such as methylamine 
and diethylamine seem to react if the cellulose is in an alkaline solution. 
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its derivative which results from acetolysis (acetylation and subsequent 
hydrolysis) of lobster shells and which has been identified as chitobiose, 
(p. 1547) a diglucosamine. ^ The similarity of chitin and cellulose is 
also revealed by x-ray studies on chitin, chitosan, and derivatives. ^ ^ 

Finally, so-called mixed esters may be prepared, as nitrocellulose 
acetates, nitrocellulose benzoates, and so forth. 

Cellulose Xanthate. Of special interest, both from a scientific and 
a commercial point of view, is cellulose xanthate — that is, the dithio- 
carbonic acid ester of cellulose (also, but not quite correctly, called the 
xanthogenic acid ester of cellulose) already mentioned in connection 
with the discussion of alkali cellulose. It is formed when alkali cellulose 
is subjected to treatment with carbon disulfide, the former going through 
a state of high swelling, being dissolved eventually to a highly viscous, 
orange-colored paste, the orange color arising from the sodium trithio- 
carbonate formed as a by-product. 

As already mentioned, the reaction has been compared with that 
of carbon disulfide on sodium alcoholate, wherein the sodium salt of 
the dithiocarbonic acid ester (xanthogenic acid) is formed. It is 
interesting to note that carbon disulfide alone does not react with 
cellulose. This supports the concept of alkali cellulose as a chemical 
compound. As a matter of fact, the xanthate reaction is accom- 
plished only if, in the preparation of the alkali cellulose, a sodium 
hydroxide solution of such concentration is used that the compound 
(C6Hio05)2*NaOH can be formed. Dimethylcellulose (p. 1552), which 
does not form an alkali compound, is also unable to form a xanthate; 
a lower methylated product (corresponding to a monomethyl cellulose), 
however, undergoes the xanthate reaction since it forms an alkaU 
cellulose. ^ The cellulose xanthate may be expressed by the formula 
NaS-CS-0(CGH904)20H, which indicates that two glucose anhydride 
units combine with one molecule of carbon disulfide and one atom of 
sodium. 

The nature of the alkali cellulose prepared with sodium hydroxide 
and regarded as a chemical compound in which two units of glucose 
anhydride combine with one molecule of sodium hydroxide seems to 
limit the xanthate reaction to one case only. In other words, since 
cellulose combines only with one molecule of sodium hydroxide, only a 
monoxanthate may be expected. If this is so, the xanthate reaction 
would appear to be independent of the hydroxyls available (which has 
been observed in some cases with alcohols). Until recently the various 

Bergmann, Zervas, and Silberkweit, Ber., 64 , 2436 (1931). 

Clark and Smith, J. Phys. Chem., 40 , 863 (1936). 

19® Heuser and Schuster, Cellulosechem,^ 7 , 17 (1926). 
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endeavors to introduce more than one dithiocarbonic acid group have 
not been successful (not even in cellulose whose hydroxyls had been 
made more reactive by acetylation). Neither has it been possible to 
obtain a xanthate with alkali celluloses prepared with sodium hydroxide 
solutions of much higher concentration than 18 per cent.-^ On the 
other hand, the actual cellulose alcoholate in which the three hydrogens 
of the three hydroxyls are replaced by three sodium atoms (see above) 
ought to yield a trixanthate. Recently Lieser and Leckzyck^^ have 
described a trixanthate of cellulose. Upon replacing sodium hydroxide 
by tetraethylammonium hydroxide, in which c(;llulose dissolves, the 
action of carbon disulfide leads to xanthation of all three available 
hydroxyls of cellulose. The tri-tetraethylammonium xanthate of 
cellulose thus obtained is soluble in methyl alcohol, water, and acetone. 

This investigation was preceded by studies of the xanthation of 
simple sugars. a-Methylglucoside under the influence of barium 
hydroxide and carbon disulfide yields a monoxanthate in crystalline 
form, together with small amounts of di- and trixanthates. Better 
yields of the polyxanthates are obtained from /3-phenylglucoside, using 
tetraethylammonium hydroxide as the base. Thus a tetramethyl- 
xanthate of the /3-phenylglucoside could be obtained in crystalline form. 

That it is the hydroxyl in the 2-position of the glucose units in 
cellulose which undergoes the xanthate reaction is indicated by methyl- 
ation studies. With diazomethane the xanthate suffers hydrolysis, and a 
methylated product is obtained in which two glucose anhydride units are 
combined with one methyl group (C 6 Hio 05 *CgH 904 -OCH 3 ; ‘‘mono- 
methyl-dicellulose On hydrolysis, glucose and monomethylglucose 
with the methoxyl group in the 2-position are obtained.-^ 

The normal cellulose xanthate is soluble in water and dilute alkalies. 
It may be precipitated from its solution by means of alcohols or salts, 
and also by very dilute organic acids, such as acetic. With stronger 
acids the xanthate decomposes into its components: cellulose, carbon 
disulfide, and sodium hydroxide. This same reaction takes place under 
the influence of the carbonic acid of the air. The cellulose emerges 
from its state in solution chemically unchanged, showing the behavior 
and reactions of “mercerized'^ cellulose (cellulose hydrate). 

The xanthate solution also decomposes without the action of acids 
when allowed to stand in a hydrogen or nitrogen atmosphere or when 

Heuser and Schuster, ibid., 7 , 28 (1926), 

Atsuki und Kuvahawa, Cellulose Ind., 1, 47 (1931). 

Lieser and Leckzyck, Ann., S38, 56 (1936). 

*2 Lieser and collaborators. Ann., 496, 235 (1932); 611, 121, 128 (1934); 619, 279 
(1935); 622,48 (1936). 

« Lieser, Ann., 470 , 104 (1929); 483 , 132 (1930). 
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being dialyzed with water. The process is very slow, however, requir- 
ing three to four days for its completion. The spontaneous decomposi- 
tion (distinctly accelerated in air) is termed the ripening of the 
viscose. It consists chemically of a gradual saponification of the ester 
under the influence of the aqueous alkali present, so that the xanthates 
isolated during this process become richer in cellulose until all sulfur and 
sodium are split off and pure cellulose results. 

The other products are chiefly sodium trithiocarbonate (Na2CS3) 
and sodium carbonate', the' fe)rmer being partly decomposed in the 
presence of water to sodium carbonate and sulfide. On decomposition 
of the viscose with mineral acids the by-products suffer instantaneous 
cleavage into the respective sodimn salt, carbon disulfide, and hydrogen 
sulfide, while the xanthate decomposes into the sodium salt, cellulose, 
and carbon disulfide. Determination of the amounts of carbon disulfide 
obtainable from the xanthates isolated during ripening may be used for 
following the ripening procc'ss of the xanthate. In commercial viscose, 
determination of the total amounts of carbon disulfide and hydrogen 
sulfide present during ripening serves the same purpose. 

Physically, the ripening process is most essentially characterized by 
a change in viscosity of the viscose. The solution first becomes thinner, 
until the coarser particles are dispersed to the smallest possible size, 
whereafter the viscosity slowly increases, owing to the salting-out effect 
of the by-products formed from the decomposing xanthate. The last 
state is characterized by a more rapid increase in viscosity, which indi- 
cates that decomposition is nearing its final stage. The cellulose eventu- 
ally regenerated shows about the same viscosity in cuprammonium 
solution as that regenerated at the beginning of the ripening process, 
proving that the cellulose constituent is not degraded during the 
ripening process. 

This is in contrast to the aging process (see under alkali 
cellulose during which degradation, physical and chemical, takes 
place, and during which the viscosity of the regenerated cellulose in 
cuprammonium solution decreases. It is this state of degradation 
which determines the initial and the final viscosity of the viscose solu- 
tion and, consequently, the degree of degradation of the cellulose regen- 
erated from the viscose. 

If oxygen, in the form of air or other oxidants, is given the oppor- 
tunity to penetrate the viscose thoroughly, the effect manifests itself 
chiefly in a faster rate of viscosity decrease during ripening. With 
increased admittance of oxygen the orange-colored viscose becomes 

Heuser and Schuster, Cellulosechem., 7 , 40 (1926). 

Lottermoser and Schwarz, Z. angew. Chem., 43 , 16 (1930). 



CARBOHYDRATES III— CELLULOSE 


1551 


colorless; the trithiocarbonate causing the reddish orange color is 
oxidized, as are the other sulfur compounds, while the cellulose suffers 
but little. 2 ® 

Most of the authors who have interested themselves in the mechan- 
ism of the xanthate reaction are inclined to believe that a chemical reac- 
tion takes place and that the xanthate is a chemical compound, i.e., 
one in which the three components are found in stoichiometric propor- 
tions. The fact that the xanthate reaction takes place with less carbon 
disulfide than is stoichiometrically required may be explained by assum- 
ing that in the viscose the xanthate is in equilibrium with the alkali cellu- 
lose. This may be expressed by the equation, 

(C6H904)20H-0Na + CS2 ^ NaS-CS-0(C6H904)20H 

in which the alkali cellulose is assumed to react in the form of its alco- 
holate. There seems to be no doubt that, immediately after the action 
of carbon disulfide on alkali cellulos(‘, a xanthate of the above composi- 
tion is forme^d. This is further supported by the fact that the xanthate 
reacts with diethylchloroacetamide [C1CH2C0N(C2H5)2] to form a 

I /S 

homogeneous derivative, — C — O — C — S — CH2CON(C2H5)2, in which 

1 

the nitrogen content is in direct proportion to the cellulose content. 
However, the ripening process, judging from x-ray investigations,^^ 
does not seem to lead to intermediates in which there is a distinct 
stoichiometric relationship between the constituents sulfur, sodium, 
and cellulose, as has been claimed by previous investigators. These 
intermediates appear to be mixtures, and the mechanism secerns to 
consist merely in gradual saponification (hydrolysis) as mentioned 
above — that is, without it being p)ossible to isolate chemically homo- 
geneous intermediates. 

The aqueous sohition of the xanthate consumes iodine to form 
sodium iodide. This reaction serves to determine the sodium content 
of the xanthate. It is claimed that a dicellulose dithiocarbonate is 
formed simultaneously according to the equation: 

NaS2C— 0(C6H904)20H + H0(C6H904)20— CS2Na + I2 2 NaI + 


^0(C6H904)20H H0(C6H904)20\^ 

S=C 



Lottermoser and Schwara, KoHoid-Beiheftc, 42 , 408 (1935). 
Fink, Stahn, and Matthes, Angew. Chem.^ 47 , 602 (1934). 
*• Schramek and Kttttner, Kolloid-Beihefte, 42 , 221 (1935). 
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CELLULOSE ETHERS 

Cellulose ethers may be obtained in the same way as aliphatic ethers, 
for example, by the action of alkyl halides or alkyl esters of inorganic 
acids upon alkali cellulose. The latter way is the usual one. What has 
been said with regard to the slow reaction in the formation of esters 
holds true also in the conversion of cellulose into its ethers. It is very 
likely that in most reactions the mono- and diethers must be regarded 
as mixtures and that only the triether represents a homogeneous prod- 
uct. More recently, as a result of fractionation, it has been claimed 
that even trimethylcellulose is a mixture. 

It appears that cellulose is even more resistant to etherification 
than to esterification, and the reaction appears to proceed more easily 
the more the cellulose has been physically and chemically degraded. 
Thus cellulose regenerated from solutions or from processes of oxidation 
or from the action of acids can be converted into ethers within a shorter 
time than untreated native ” cellulose. 

Methyl and Ethyl Ethers. The most important cellulose ether is 
methylcellulose since it, as will be S(Hm later, has greatly assisted the 
endeavors to clear up the chemical constitution of cellulose. Com- 
mercially, the ethyl ether may be regarded as the most important. 

The usual way of preparing methylcellulose consists in allowing 
dimethyl sulfate to react on alkali cellulose at a temperature of about 
50 °. 2 7a reaction is exothermic, but the heat developed does not 

suffice to accelerate the reaction to any great extent. Usually more 
than one methylation is required to reach the trimethylate (theoretically 
45.57 per cent methoxyl), particularly with native cellulose. ^ Methyl- 
ation may be facilitated if the hydroxyls of the cellulose are ^^activated^' 
by acetylation. It appears feasible first to methylate to the dimethyl 
stage, which is comparatively easily reached, then to acetylate to 
dimethylmonoacetylcellulose, and then methylate again, whereupon 
the acetyl is saponified and replaced by the methyl group. The tri- 
methylate thus obtained contains 45.42 per cent methoxyl.^® 

Of interest is the behavior of methylcellulose to water. ^ ^ Products 
with to 2 methoxyls per glucose unit are soluble in cold water. On 
heating they are precipitated, and on cooling they go into solution again. 

Hess and collaborators, CeMulosechem., 16 , 78 (1935). 

27® Denham and Woodhouse, J. Chem. jSoc., 103 , 1735 (1913); 106 , 2357 (1914); 
111 , 244 (1917); 119 , 81 (1921). 

27*> Heuser and von Neuenstein, Cellulosechem., 3 , 92 (1922) ; Irvine and Hirst, J, Chem, 
Soc., 123 . 629 (1923). 

2* Heuser and Hiemer, Cellulosechem., 6 , 101 (1925). 

29 Traill, J. Soc. Chem. Ind., 53 , T. 337 (1934). 
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Very likely hydrates which sufler cleavage on heating are formed. 
The stability of the hydrates is greater the lower the temperature of the 
water. It was found that the temperature at which th(^ precipitate 
obtained on heating the ice-cooled solution redissolves, is directly related 
to the degree of degradation of the cellulose preparation used: the 
greater the degradation, the less is it necessary to cool the precipitate 
in order to bring about re-solution. Thus the '‘temperature of hydra- 
tion^^ may be used to express the degree of degradation of the cellu- 
lose.^® Completely methylated cellulose is insoluble in water. The 
ethers of varying methoxyl content are soluble in pyridine, chloroform, 
tetrachloroethane, etc., and show different levorotational values in the 
various solutions. 

The methyl groups may be regenerated as from aliphatic ethers by 
allowing hydrogen iodide to act on the ether. The regenerated cellu- 
lose is extensively degraded as a result of the violent character of this 
reaction. 

It is evident from x-ray analysis, as well as from hydrolysis and 
acetolysis studies, that the intermediates are mixtures of the three 
stages of methylation. On hydrolysis, dimethylcellulose usually yields 
mono-, di-, and trimethylglucose. However, it is claimed that an ethyl- 
cellulose preparation with 2^ ethoxyl groups for each CgHioOs unit, 
on acetolysis with acetyl bromide and hydrogen bromide, gave only 
bromodiacetyldiethylglucose. ^ Trimethylcellulose on hydrolysis yields 
2,3,6-trimethylglucose, which shows that the hydroxyls in positions one, 
four, and five of the glucose anhydrides in cellulose are blocked. Besides, 
a small amount of tetramethyl glucose is obtained. The impor- 
tance of this discovery for determining the chemical constitution of 
cellulose will be explained later. Again, on acetolysis the corresponding 
acetylated alkyl glucoses are formed; e.g., triethylcellulose yields 
l,4-diacetyl-2,3,6-triethylglucose. 

Methylene ethers (acetals) of cellulose have also been synthesized, 
by allowing formaldehyde or aliphatic methylene ethers or methylal 
to react upon alkali cellulose. 

The reaction of formaldehyde with cellulose has its parallel in the 
action of this aldehyde upon d-glucose, which leads to methyleneglucose 
(Tollens), the mechanism being that of acetal formation. Since acetals 
are rather sensitive to water, a dehydrating medium must be used. 
With acetic anhydride and the n-propyl or isopropyl acetal of formalde- 

Hess, Trogus, et al., Ann., 506 , 260 (1933). 

See reference 27a; also, Haworth and Leitch, J. Chem. Soc., 113 , 191 (1918); Irvine 
and Hirst, ibid., 123 , 529 (1923); Hess and Weltzien, Ann., 442 , 46 (1925); Hess, Angew. 
Chem., 49 , 841 (1936); Hess and Neumann, Ber., 70 , 710, 721, 728 (1937). 
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hyde, a combination which liberates formaldehyde easily, 8 per cent of 
methylene radical can be introduced into cellulose, which indicates 
that one methylene group is in combination with two hydroxyls of one 
CgHioOs unit. ^ ^ Under the influence of the acetic anhydride, partial 
acetylation takes place, but with dilute alkali the acetylated hydroxyls 
are regenerated and an acetyl-free methylene ether of cellulose is 
obtained. 

With dichlorodimethyl sulfate, (C1CH20)2S02, or similar esters 
which contain the — CH 2 O group, it is possible to increase the methylene 
content considerably (17.2 per cent CH 20),^2 whereas by the action of 
methylal [CH 2 (OCH 3 ) 2 ] only about 7 per cent of CH 2 O is obtained. 

Since for steric reasons it is rather improbable that ‘‘ methylenation ” 
takes place on two neighboring — CHOH groups of the glucose anhy- 
drides of one and the same chain, for example, on those in positions 
two and three lying in different planes, it is assumed rather that two 
hydroxyls of neighboring chains join in this reaction, possibly according 
to the following scheme: 


H— C— O H + 0 + H O— C— H H— CO— CH 2 


io— CH2— oi— : 


H 


CH2 


This concept of the reaction mechanism may explain why only a small 
amount of methylene radical in the cellulose suffices to bring about 
interesting physical changes which, with increasing percentages of 
methylene content, tecome very obvious and manifest themselves in a 
decrease in the swelling ability in water even to zero, the methylene 
derivative becoming so brittle that it may be pulverized. Moreover 
the products lose all the reactivity of the original cellulose: they 
become more and more insoluble in cuprammonium solution, they do 
not react with alkalies to form alkali cellulose, and they do not undergo 
the xanthate reaction. The methylene linking between neighboring 
chains may well explain the loss of elasticity of the micellar system with 
increasing methylenation.^^ 

Glycolic Acid Ether. In the action of monochloroacetic acid on 
alkali cellulose the chlorine reacts with the alkali metal to form sodium 
chloride and the glycolic acid ether of cellulose, which may be formu- 
lated as C6H702(0CH2C02H)3, results. It is insoluble in water but 
capable of forming salts. The sodium salt is soluble in water and forms 

31 Schenk, Helv. Chim. Acta, 16 , 1088 (1932). 

32 F. Wood, /. Soc. Chem. Jnd., 60 , T. 411 (1931). 

33 Schorigin and Rymaschewskaja, Cellulosecfiem., 14 , 81 (1933). 

34 Meunier and Gyot, Compt. rend., IBB, 506 (1929). 
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a viscous solution. The ether is insoluble in organic solvents such 
as alcohol, ether, benzene, and acetone. The formulation of an acid 
ether of cellulose appears justified since the action of phosphorus triiodide 
and water on the ether liberates glycolic acid (CH2OH-CO2H) and 
cellulose is regenerated. A small amount of acetic acid is also formed, 
which, however, may be due to reduction of part of the glycolic acid. 

Triphenylcarbinyl Ether of Cellulose. Apparently analogous to the 
action of triphenylchlorornethane on alcohols and on certain sugars, 
such as a-methylglucoside, d-glucose, and d-galactose, is the reaction 
which leads to a triphenylcarbinyl ether of cellulose. Only one tri- 
phenylmethyl group seems to enter on one CcHioOs unit. The ether, 
CoHg04-0-C(CGH5)3, dissolvcs in pyridine, chloroform, etc., to viscous 
colloidal solutions. It is very sensitive to acids, e.g., hydrochloric, and 
suffers cleavage to cellulose and triphenylmethyl chloride (or carbinol), 
respectively. The cellulose appears to have undergone scarcely any 
degradation during etherification. 

Glycolcellulose (Hydroxyethylcellulose). Ethylene oxide reacts with 
alkali cellulose to form so-called glycolcellulose or hydroxyethylcellulose, 
a product of possible commercial value. It is soluble in water and 
acetic acid, but insoluble in acetone, alcohol, and ether. Since all mono- 
substituted glycol ethers are soluble in water, it may be assmned that 
in hydroxyethylcellulose the ethylene oxide radical is present with a 
free hydroxyl group, — OCH2CH2OH. The mechanism of the reaction 
apparently is that of addition and may be illustrated thus: 

— 0— CoH702(OH)3— O— + CH2— CH2 

I o I 

— 0— C6H702(0H)2(0CH2CH20H)— o— 

Acetylation leads to a triacetate in which two acetyls occupy the two 
free hydroxyls of the glucose unit and the third acetyl has entered the 
hydroxyethylene radical. It may be formulated thus:^^ 

CcH702(0C0CH3)2(0CH2CH20C0CH3). 

Benzylcellulose. One of the more recent cellulose derivatives, 
benzylcellulose, is obtained by the action of benzyl chloride on alkali 
cellulose. It seems to be difficult to introduce more than two benzyl 


Chowdhury, Biochem, Z., 148 , 85 (1924); see, also, Barnett, /. >Soc. Chem. Ind., 40 , 
T. 253 (1921). 

Helferich and Koester, Ber., 57 , 587 (1924); Helferich, Moog, and Jiinger, Ber., 
58 , 872 (1925). 

Schorigin and Rymaschewskaja, Ber., 66, 1014 (1933). 
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groups per Ce-unit. The benzyl ether is exceedingly hydrophobic and 
for this reason is of special commercial value. ^ ® 

Besides the ethers described above there are a number of others not 
yet sufficiently investigated, of which, however, may be mentioned 
butyl-, propyl-, and allylcellulose.^^ 

THE OXIDATION OF CELLULOSE 

For a long time many cellulose research workers fostered the belief 
that on oxidation the long-chain cellulose molecule is maintained, with- 
out the oxygen bridges between glucose anhydrides being ruptured. 
From inspection of the structural formula of Tollens or that of the 
modern conception (p. 1583) this appears quite possible. At first glance 
there seems to be no reason why the free alcohol groups in the 6-position 
of the glucose units could not be oxidized to aldehyde and further to 
carboxyl groups without breaking oxygen bridges. There are examples 
enough among the higher members of the sugars where the reaction 
takes place in this way, provided sufficient care is taken (this consists 
chiefly in the choice of a suitable oxidizing agent). Naturally, hydroly- 
sis may occur if nitric acid is chosen as the oxidizing agent. Thus, cello- 
biose under these conditions yields the dibasic saccharic acid (p. 1410) 
and oxalic acid. With bromine water, however, the glycosidic linkage 
remains intact and the reducing group is attacked, cellobionic acid being 
the resulting product. A number of indications strengthen the belief 
that the oxygen bridges are maintained under certain conditions of 
oxidation. ^ 

Early research workers such as Tollens and Vignon thought it pos- 
sible that the glucose anhydrides on oxidation are converted into glu- 
curonic acid groups (lactones) (p. 1448) still held together in a long- 
chain molecule (oxycellulose) . Indeed, glucuronic acid, in the form of its 
cinchonine salt, has been isolated from the action of permanganate on 
cellulose dissolvc^d in cuprammonium solution, with a yield of almost 
10 per cent of th(i cellulose, and there is indication that the reaction 
product is still of a high-molecular nature until it is converted into the 
cinchonine salt, whereby cleavage may occur. From this and other 
indications, it does not seem justified to deny completely, as some modern 

Gonfard, “ Sur les propri6t6s de la benzylcellulose," Camus, Lyon (1933). 

Mienes, “ Celluloseester und Celluloseather unter besonderer Beriicksichtigung der 
Benzylcellulose,” Chem.-techn. Verb Bodenbender, Berlin (1934). Lorand, paper pre- 
sented before the American Chem. Soc. meeting at Pittsburgh, September, 1936. 

See Hudson, paper presented before the Cellulose Division of the American Chemical 
Society at Chapel Hill, N. C., April, 1937. 

Kalb and Falkenhauser, Ber.^ 60 , 2514 (1927) ; see, also, Heuser and Stockigt, 
Celluloaechem., 3 , 61 (1922). 
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cellulose chemists have done,^^ the hypothesis of oxidation without 
cleavage. On the other hand, it must be admitted that, as yet, it has 
not been possible to give satisfactory proof for the hypothesis; in other 
words, no one has yet been able to isolate and to identify unequivocally 
a product of oxidation which approaches the high molecular weight of 
cellulose itself. On careful oxidation a large part of the cellulose 
emerges unchanged, and only a small part shows signs of having been 
oxidized, this part indicating a rather low-molecular nature. On more 
violent oxidation the proportion which is being oxidized increases, but 
without revealing with certainty any unbroken molecule. This state 
of affairs will be more easily understood when it is considered how diffi- 
cult it is to manipulate hydrolytic or acetolytic degradation processes on 
cellulose so as to arrive at degradation products containing more than 
two glucose anhydrides. The highest number which has been isolated 
so far is six, in the so-called hexaose (p. 1562). In other words, mild 
oxidation does not seem to lead anywhere, and violent oxidation breaks 
down the large molecule into fractions that are too small. 

The difficulties of identification in oxidation and also the possibil- 
ities of being misled, are increased by the fact that most of the oxidative 
treatments in question lead to physical degradation of th(^ cellulose, in 
part or entirely. That is to say, the cellulose after treatment loses its 
fibrous structure at a slight touch; it may easily be converted into a 
powder. This is why the technician who has to bleach textile fibers or 
wood pulp, etc., by means of oxidants such as bleaching powder, other 
hypochlorites, or peroxides, tries to direct the process so as to avoid 
the formation of oxycellulose, i.e., oxidation of any of the material except 
the non-cellulosic substances. 

Physically degraded oxycellulose is partly or entirely soluble in dilute 
alkalies. This property has given rise to the assumption that oxycellu- 
lose is an acid, the alcoholic ( — CH 2 OH) groups having been converted 
into carboxyl groups. However, if all the — CH 2 OH groups of the 
cellulose molecule had been oxidized there would be a greater number of 
characteristic and unequivocal indications than the mere solubility in 
alkalies. 

This also holds true with regard to indications that have actually 
been observed on carefully oxidized cellulose, such as the liberation of 
carbon dioxide and furfural on distillation of oxycellulose preparations 
with dilute hydrochloric acid according to Tollens’ method. The quan- 
tities of these two substances, which owe their formation to a cleavage 

Hess, “ Die Chemie der Cellulose,” p. 459. 

Schwalbe and Becker, Ser., 54 , 545 (1921); Hibbert and Parsons, Cellulosechem.^ 
7 , 97 (1926). 
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of glucuronic acid with loss of water, certainly are greater than those 
obtained from untreated native cellulose but still much too small to 
account for more than a very limited number of carboxyl groups. 

It therefore looks as if on oxidation (as usually carried out by allowing 
the oxidant to react on fibrous cellulose) only small amounts of reaction 
products form on the surface and these, under continued attack, suffer 
cleavage to lower-molecular products. If, however, cellulose in solu- 
tion is oxidized, in which cas(' excessive surface reactions are eliminated 
and the oxidant has access through the spaces between and inside the 
micellae to all molecules, the molecules may retain their original length, 
and on reprecipitation true oxycellulose may be obtained. The fact 
that a comparatively large 3ucld of glucuronic acid has been obtained, 
and that it is colloidal in character (before conversion into its cinchonine 
salt), may be interpreted in the light of the conception advanced above. 

Another indication of the possible mechanism of oxidation of cellu- 
lose is the golden yellow coloration which occurs when oxycellulose is 
heated in dilute caustic soda solution. This coloration is much more 
pronounced than that produced with untreated cellulose and is char- 
acteristic of the pn'sence of aldehydic groups. In fact, the products 
of oxidation exert a pronounced reducing action on Fehling's solution 
or on a hypoiodite solution. These reactions and that with phenyl- 
hydrazine, which appears to be more than a mere adsorption on the 
increased surface of the oxycellulose, point in the direction of ald<v 
hydic functions having been developed, and it may be assumed that 
oxidation first leads to such groups before going further, and that the 
product of oxidation obviously contains both aldehyde and carboxyl 
groups. Attention may also be directed to the possibility that the 
mechanism of reaction, depending upon the means of oxidation chosen, 
may be that of dehydration to ketonic alcohols or diketonic alcohols, 
which would also exhibit a strong reducing power with Fehling’s 
solution.^® 

If, on oxidation of solid cellulose, physical degradation has not gone 
too far, it is possible to free the preparation of its aldehyde and carboxyl 
functions by means of extraction with dilute caustic soda solution. 
Thereby chemically unchanged cellulose is obtained as a residue, while 
the solution contains the low-molecular-weight products of oxidation. 
Depending upon the oxidants chosen for treatment, particularly whether 
they are of purely oxidizing or of both oxidizing and hydrolyzing nature, 
the products which may be extracted differ. With purely oxidizing 

Hibbert and Parsons, J. Soc, Chem. Ind., 44 , T. 473 (1925); Heuser and Stockigt, 
Cellulosechem., 3 , 61 (1922). 

Willsmtter and Schudel, Ber., 61 , 780 (1918). 
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means glucuronic acid and a number of other acids not yet clearly 
identified result. The last stage before carbon dioxide and water are 
formed is manifested by the presence of oxalic acid. It is very probable 
that this acid originates from an intermediate, formic acid, with loss of 
hydrogen. 

Oxidation of solid cellulose with bromine in the presence of calcium 
carbonate (in order to neutralize hydrogen bromide) results in oxycellu- 
lose from which a certain amount of the dibasic saccharic acid may be 
extracted by means of calcium carbonate. ^ This indicates that, 
besides oxidation of — CH 2 OH groups, glucosidic linkages have been 
broken and the reducing groups thus freed have been attacked. Sac- 
charic acid is also obtained on oxidation of cellulose with hot concen- 
trated nitric acid. 

When the same oxycellulose is heated with calcium hydroxide solu- 
tion, isosaccharinic acid and dihydroxybutyric acid may be isolated. It 
is of importance in this connection to note that unoxidized cellulose does 
not yield isosaccharinic acid on the same treatment, nor has isosac- 
charinic acid been obtained from glucose. This and the fact that it may 
be obtained from cellobiose would indicate that it owes its fonnation to 
the presence in the oxycellulose of a glucose group still glucosidically 
combined. The other acid, dihydroxybutyric acid, is perhaps a 
product of further decomposition of isosaccharinic acid (p« 1516). 

THE DEGRADATION OF CELLULOSE BY ACIDS 

Besides oxidation, cellulose may be decomposed (1) by hydrolytic 
processes, (2) by thermal processes, and (3) by biological processes. 

Hydrolysis. With mineral acids (less completely with organic acids), 
hydrolysis leads to glucose through a number of intermediate stages; on 
acetolysis the hydroxyls of the degradation products appear partly or 
entirely acetylated. Here again, as with other treatments, cellulose 
reacts slowly and irregularly. Degradation starts on the surface of the 
fiber and may lead comparatively easily to lower-molecular units and 
even to the end product. Deeper layers, on the other hand, are attacked 
to a lesser degree, and in consequence interruption of the process after 
a certain time yields a variety of degradation products, from almost 
untouched chains down to the monomeric glucose. 

Hydrocellulose. Although treatment with concentrated acids leads 
to complete hydrolysis, the intermediate products of degradation can 
be obtained to a certain extent by the use of dilute acids. On heating 

Faber and Tollens, Ber., 32 , 2592 (1899). 

Pringsheim, Cellulosechem., 2 , 61 (1921); Z. angew. Chem., 36 , 348 (1922). 
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cellulose fiber with dilute hydrochloric acid a product is obtained whose 
appearance and behavior resemble oxy cellulose. Like the latter, 
cellulose emerges from the treatment as weakened fiber which may 
easily be rubbed to powder between the fingers. It is termed ‘^hydro- 
cellulose and for many years has been regarded as the first homo- 
geneous product of hydrolysis. The term is derived from the 
assumption that it is cellulose to which one molecule of water is chem- 
ically attached. Considering cellulose as a chain of anhydrides linked 
together by means of oxygen bridges, there is no reason to regard 
hydrocellulose as a homogeneous cellulose derivative as may be true of 
oxycellulose, for it may be assumed that on oxidation certain groups of 
the still untouched chain are essentially changed. In the formation of 
hydrocellulose the only change conceivable is a shortening of the long 
chains. Under the hydrolyzing effect of the acid, a number of oxygen 
bridges may break up, resulting in a mixture of saccharides of lower 
molecular weight and pronounced reducing power, with chains still of 
considerable length. 

This concept of hydrocellulose^^^ is derived from its behavior with 
dilute alkalies. On heating with a 4~6 per cent sodium hydroxide 
solution the raw hydrocellulose preparation may be divided into two 
components. The filtrate shows pronounced reducing power to Fehling^s 
or sodium hypoiodite solution, and it contains the lower degradation 
products; the residue after sufficient purification shows little if any 
reducing power, and, on being compared with native cellulose, does not 
reveal any chemical change. It is soluble in sodium hydroxide solu- 
tion of a certain liigher concentration (preferably 8 per cent),^^'" which 
may be explained as resulting from the shortening of the chains. This 
state of the preparation which apparently cannot be identified as a 
chemical change, and which therefore appears as a state of physical 
degradation only, is also reflected in the viscosity of its solution. This 
is found considerably decreased compared with that of the starting 
material. The purified alkali-soluble hydrocellulose has more recently 
also been termed ‘‘cellulose A” for the sake of convenience.^^® 

The amount of low-molecular degradation products in hydrocellulose 
is very small. It is possible to convert up to 99 per cent of the original 
cellulose into purified alkali-soluble cellulose. Organic acids such as 

See, for example, Schwalbe, “Chemie der Cellulose,” Borntraeger, Berlin (1911); 
see, also, Heuser and Stbekigt, Cellulosechem., 3 , 61 (1922); Houser and Jayme, Ber,, 66 , 
1242 (1922). 

Reference 6c, p. 157; see, also, Heuser and Hiemer, Z. Elektrochem., 82, 47 (1926); 
Hess, ” Die Chemie der Cellulose,” p. 439. 

Hess, Weltzicn, and Messmer, Ann., 435 , 127 (1924); Hess, Z. angew. Chem.,Zl, 
993 (1924). 
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formic/®"^ acetic, and oxalic may also be used for the con- 
version. 

Hydrocellulose, which in commercial processes plays a part similar 
to oxycellulose since the formation of both involves destruction of the 
fiber, may be distinguished from oxycellulose by certain reactions. 
Of these may be mentioned the liberation of carbon dioxide on distilla- 
tion of oxycellulose with 12 per cent hydrochloric acid. Either hydro- 
cellulose does not give this reaction, or the amount of carbon dioxide 
liberated is much smaller than that from oxycellulose. 

With concentrated acids, such as sulfuric, nitric, hydrochloric, hydro- 
fluoric, or phosphoric, cellulose swells considerably, becomes peptized, 
and finally dissolves completely. Usually, immediately after prepara- 
tion, the solution shows reducing power toward Fehling’s and other such 
solutions. On dilution with water immediately after dissolving and 
with thorough cooling, the greater part 'of the cellulose may be regen- 
erated in the form of white flake^s which show the behavior and the x-ray 
diagram of mercerized cellulose (p. 1539). The preparation obtained is 
often also termed ‘‘ amyloid,^^ merely because it gives the same blue 
coloration with iodine in the presence of traces of sulfuric acid as starch 
(amyluin) does. 

Cellodextrins. On further standing of the solution just mentioned, 
degradation proceeds, and by addition of alcohol, a precipitate char- 
acterized by its high reducing power may be obtained. It is partly or 
entirely soluble in water and has, under the name of cellulose dextrins'^ 
or ^^cellodextrin^^ played a great part in the endeavors to isolate homo- 
geneous intermediates in the course of the degradation of ccdlulose. In 
the light of the modern conception of the chemical constitution of cellu- 
lose, cellulose dextrin is far from being a homogeneous product. It is 
rather to be regarded as a mixture of more or less shortened glucose 
anhydride chains; in other words, a mixture of oligosaccharides of 
varying chain length, the longest link of which may comprise thirty or 
less glucose anhydrides. ^ ^ Since the molecules of smaller size crystal- 
lize, the whole mass appears crystalline.^^ Certain biose anhydrides, 
which at one time were claimed to have been isolated as homogeneous 
degradation intermediates, also apparently represent mixtures of 


Heuser and Schott, Cellvloaechem.y 6 , 10 (1925); Staudinger and Dreher, Ber., 69 , 
1733 (1936). 
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Heuaer and Eisenring, Cdluloaechem.y i, 13, 25 (1923). 

Heuser and Stockigt, ibid,, 3 , 61 (1922). 
af Ekenstam, Ber., 69 , 549, 553 (1936). 
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48 Freudenberg, Ber., 62 , 383 (1929). 
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oligosaccharides of various chain lengths similar to the cellulose 
dextrins. 

Oligosaccharides. Isolation of the oligosaccharides is best accom- 
plished on acetolysis or on hydrolysis preceded by methylation or on 
methylation after acetolysis. The products of reaction are more stable 
in these cases, and their separation is thus facilitated. A method of 
effecting this hydrolysis is that of Zempl 6 n, using methyl alcohol and a 
trace of sodium methylate. Since on acetolysis the hydroxyl groups 
steadily increase in number and are simultaneously acetylated, because 
of the progressive opening of oxygen bridges, the increase in acetyl con- 
tent provides a general means of following the process of degradation. ^ 
Of the oligosaccharides, the following have been isolated: cellohexaose, 
cellotetraose, cellotriose, and the disaccharide, cellobiose. A mixture of 
them may be obtained by hydrolysis with highly concentrated hydro- 
chloric acid (specific gravity 1.21 at 15 ®), but the process must be inter- 
rupted before it has gone too far. This is accomplished by adding ethyl 
alcohol, which is used also for fractionating the mixture.**^ 

Even cellohexaose, C36H62O31, the highest member so far isolated, 
crystallizes in very fine but homogeneous needles; its molecular weight 
corresponds to the formula given above, and although it has not yet 
been possible to obtain crystalline derivatives of the hexasaccharide, 
some of the other oligosaccharides, cellotetraose, C24H92O21, and cello- 
triose, C18H32O16, are known. They yield well-identified acetates, per- 
methylates, ^ ^ and osazones; the last-named, however, are difficult to 
obtain in crystalline form. A cellotrioside, decamethyl-jS-methyl- 
cellotrioside, has been synthesized from 2 , 3 , 6 -trimethyl-/ 3 -methylglu- 
coside and heptamethyl-l-chlorocellobiose.^® 

From a mixture of the reaction products, cellobiose (C12H22O11) 
(p. 1465 ) and the last link of the chain, d-glucose, may also be isolated. 
It is interesting to note that for a long time cellobiose was not discovered 
among the products of ordinary hydrolysis with mineral acids. It is 
more easily obtained on acetolysis in the form of its octaacetate, ^ 
Ci2Hi40ii(C2H30)8; potassium or sodium cellobiosate may be ob- 
tained by saponification with alcoholic potassium or sodium hydroxide, 
and by the action of acetic acid cellobiose may be isolated. Besides the 
octaacetate of cellobiose a certain amount of pentaacetyl-d-glucose is 

Bergmann and Knehe, Ann., 445 , 1 (1925); Hess and Friese, Ann., 450 , 40 (1926). 

Zempl6n, Ber., 59 , 1254 (1926); Zempl6n and co-workers, Ber., 69 , 1827 (1936). 

** Zechmeister and co-workors, Ber., 64 , 857 (1931); 66 , 269 (1933). 

Freudenberg and co-workers, Naturunsaenachaften, 18, 1114 (1930); Ann., 494 , 41 
(1932). 

Freudenberg and Nagai, Ann., 494 , 63 (1932). 

Skraup and Konig, Ber,, 34, 1115 (1901); Monatah., 21, 1011 (1900). 
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obtained. Another way to arrive at cellobiose is by the action of 
acetyl bromide and glacial acetic acid upon cellulose at a temperature 
of 30-40° for a number of days. This results in acetobromocellobiose^® 
which is identical with that which E. Fischer and Zemplen obtained by 
the action of hydrogen bromide on cellobiose octaacetate.^^ 

Cellobiose, for a long time the only crystalline product of cellulose 
degradation besides glucose, has played an important part in the attempt 
to clear up the chemical constitution of cellulose, as will be seen later. 

Cellobiose forms an osazone; on mild oxidation it gives the monobasic 
cellobionic acid, which on hydrolysis yields gluconic acid and glucose. 
Hydrolysis of cellobiose results in d-glucose only. Haworth’s work*’’^ 
indicates its structure as a l-glucosido-4-glucose with a jS-glucosidic 
linkage. This has been confirmed by a synthesis of octamethylccllo- 
biose from tetramethylglucose-l-chlorohydrin and 2,3,6-trimethyl- 
^-methylglucoside. ^ ^ 

Cellobiose is isomeric with maltose (p. 1463) and lactose. The first 
two are distinguished only by different configurations which may be 
recognized by their behavior toward enzymes. Thus cellobiose is 
hydrolyzed by emulsin, the specific enzyme for methylglucosides show- 
ing the /3-configuration, while maltose suffers cleavage by maltase, 
specific for the ^-configuration. 

Isocellobiose, which for a long time was considered as being formed 
in addition to cellobiose on hydrolysis or acetolysis of cellulose, ^ does 
not exist; it is now recognized as a mixture of cellobiose with oligosac- 
charides.^^*’ 

Cellobiose may be converted into cellobiose anhydride by the action 
of trimethyl amine on heptaacetylbromocellobiose to form heptaacetyl- 
cellobiosedimethylamine, which in turn reacts with methyl iodide to 
form heptaacetylcellobiosidotrimethylammonium iodide. 

Ci2Hi40io(COCH3)7N(CH3)2 + CH3I 

C22Hi40lo(COCH3)7N(CH3)3l 

The iodide, on treatment with dilute barium hydroxide solution, yields 
cellobiose anhydride. It has been obtained only once in crystalline 

« Webber, Staud, and Gray, J. Am. Chem. Soc., 62 , 1542 (1930). 

Karrcr and Widmer, Helv. Chim. Acta, 4 , 700 (1921). 

Fischer and Zempl6n, Ber., 43 , 2536 (1910). 

Haworth, “The Constitution of Sugars,” Arnold and Co., London (1929). 

Freudenberg et al., Ber., 63 , 1962 (1930). 

Ost and Prosiegel, Z. angew. Chem., 33, 100 (1920); Ost and Knoth, Cellulosechem., 
3, 26 (1922); Ost, Z. angew. Chem., 39, 1117 (1926). 

Freudenberg, “Tannin, Cellulose, Lignin,” Springer, Berlin (1933), p. 99. 
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fonn, but there are no difficulties in crystallizing the hexaacetate. It 
does not reduce Fehling^s solution or decolorize bromine water. Its 
chemical constitution has been recognized as that of l,6,4-[i8-d-glucosido]- 
levoglucosan with the 1,6-linkage in the levoglucosan (p. 1492) con- 
stituent. The hepato-pancreas enzyme of Helix pomatia brings about 
cleavage to d-glucose and levoglucosan.^^ 

Cellobiose may be transformed into a great number of deriva- 
tives. A detailed discussion and description of these may be found 
elswhere.^^® 

The end product of hydrolysis of cellulose is d-glucose. The theo-^ 
retical yield of glucose is 111.1 per cent; actually this yield has never 
been obtained because of further degradation of glucose to organic acids, 
hydroxymethylfurfural, and other substances, under the influence of 
the hydrolyzing means applied. The best yield may be obtained by 
the action of methyl alcoholic hydrochloric acid upon cellulose triacetate. 
Thus 95 per cent of the theoretical yield is obtained. 

The action of hydrogen bromide in ether on cellulose, in a sealed 
tube, leads to about 33 per cent of co-bromomethylfurfural, a result which 
for a long time has given rise to speculation concerning the presence of 
ketonic groups in cellulose. The primary product, however, is 
glucose, which under the conditions of the reaction loses water and is 
transformed into hydroxymethylfurfural. In fact, the latter may 
be obtained directly from aldoses as easily as from ketoses. 

Anhydrous hydrogen chloride apparently converts cellulose into a 
mixture of polymeric glucose anhydrides (polyglucosans). On dilution 
with water these are transformed into glucose. Hydrogen fluoride 
acts similarly, the reaction product of anhydride character having been 
termed cellan.’^ It is regarded as a product of reversion of glucose, 
which would mean that the latter is the primary product, possibly in the 
form of a labile glucosyl fluoride. 

Karrer and Friese, Helv. Chim. Acta, 14 , 1317 (1931) ; Karrer and Harloff, ibid., 16 , 
962 (1933). 

See Tollens-Elsner, “Kurzes Handbuch der Kohlenhydrate,” Barth, Leipzig (1935), 
p. 436. 
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Schlubach and Prochownick, Angew. Chem., 47 , 132 (1934). 
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DEGRADATION OF CELLULOSE BY THERMAL DECOMPOSITION 

The products of thermal degradation, in contrast to those of hydroly- 
sis and acetolysis, do not allow conclusions regarding the chemical con- 
stitution of cellulose. These products represent the result not only of a 
far-reaching degradation, but also of secondary, tertiary, and further 
reactions, so that it is often difficult to explain their presence. 

If a temperature of about 270® is applied, as is usual in the com- 
mercial destructive distillation of wood, a great quantity of gas is pro- 
duced, consisting chiefly of carbon dioxide and, particularly at higher 
temperatures, carbon monoxide, with smaller amounts of methane and 
ethylene. The process of destructive distillation of cellulose may be 
regarded as a carbonization with elimination of water and carbon 
dioxide, while carbon monoxide and all other products owe their forma- 
tion to secondary, tertiary, and further reactions. The principle other 
products are tar and acetic acid together with some formic acid and 
acetone, the last two being formed long before the temperature of 270° 
has been reached. 

Methyl alcohol, which was before its synthetic manufacture an 
important product of the destructive distillation of wood, owes its 
formation chiefly to the lignin constituent of the wood. ^ It is obtained 
from cellulose only by the process of hydrogenation in the presence of 
catalysts. ^ ^ 

The tar produced on destructive distillation of cellulose consists 
chiefly of phenols, which indicates transformation of aliphatic into 
aromatic substances under the influence of high temperature. 

Cellulose coal has not quite the same composition as anthracite, 
its hydrogen content being somewhat lower. However, if cellulose is 
subjected to heating in the presence of water, in order to avoid over- 
heating, under a pressure of 150 atmospheres, the composition of the 
resulting coal approaches that of anthracite.^® 

Destructive distillation of cellulose in vacuo yields levoglucosan or 
/3-glucosan (yield about 38 per cent), i.c., a glucose anhydride®®® 
(p. 1488). It is identical with that which may be obtained on hydrolysis 
of glucosides, e.g., from picein, which splits into piceol (p-hydroxy- 
acetophenone) and levoglucosan under the influence of strong bases. Its 

^ Btittner and Wislicenus, J. prakt. Chem., 79, 177 (1909); Heuser and Skioldebrand, 
Z. angew. Chem.^ 32, 41 (1919); Heuser and Schmelz, Cellulosechem., 1, 49 (1920). 

“ Fierz-David and Hanning, Helv. Chim, Acta, 8, 900 (1925) ; Chemistry <& Industry, 
44, 942 (1925). 

Dergius, Naturwiaaenachaften, 16, 1 (1928); Heuser, Z. angew. Chem., 26, 393 (1913). 

66a pjctet and Sarasin, Helv. Chim. Acta, 1, 87 (1918); Venn, J. Textile Inat., 16, T, 
414 (1924). 
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constitution is that of a < 1,5 > < 1,6 > /3-c?-glucosan (see its forma- 
tion on enzymatic cleavage of ccllobiose anhydride). Its /3-configuration 
is indicated by the fact that it is obtained easily from ^S-d-glucose and 
jS-d-glucosides but not from a-d-glucose or a-d-glucosides. ^ There 
is no doubt that it owes its formation on destructive distillation to a 
secondary reaction, glucose being formed primarily. This is apparent 
not only from the fact that it may be obtained on destructive distillation 
in vacuo from glucose directly, but also from the fact that, on being itself 
subjected to this process under atmospheric pressure, the same products 
of distillation as from cellulose result. Levoglucosan may also be 
obtained from the destructive vacuum distillation of starch. 

Levoglucosan adds one molecule of chloral to form chloral-glucose 
(‘^chloralose’0-^^“ The same reaction seems to occur with cellulose 
itself when subjected to this treatment in the presence of pyridine. 
The cellulose dissolves to form a viscous liquid. ^ 

DEGRADATION OF CELLULOSE BY MEANS OF BIOLOGICAL PROCESSES 

Cellulose plays a very important part in many biological processes. 
Nature has provided for current destruction of cellulose by the activity 
of microorganisms, i.e., fungi and bacteria. By controlling the condi- 
tions of biological destruction (fermentation), valuable products such 
as alcohols, acids, etc., may be obtained. This forms the basis of 
important branches of industrial utilization of cellulose wastes. 

Fermentation of cellulose eventually results in a number of gases. 
Depending upon the types of microorganisms used, four different kinds 
of fermentation, according to H. Pringsheim,^^ can be differentiated: 
(1) Methane fermentation, brought about by the action of sewage bac- 
teria, produces chiefly methane, with smaller amounts of carbon dioxide 
and lower fatty acids (from formic to butyric). (2) Hydrogen fermen- 
tation, produced by Bacterium fermentationisj yields mainly hydrogen, 
with smaller amounts of carbon dioxide and the lower fatty acids men- 
tioned in (1). (3) Methane-hydrogen fermentation, produced by vari- 

ous thermophilic bacteria, gives methane and hydrogen and smaller 
amounts of carbon dioxide and lower fatty acids. (4) Nitrogen fer- 
mentation, produced by denitrifying bacteria, such as are capable of 

Reference 52a, p. 615. 

Zempl^n and Gerecs, Ber., 64, 1545 (1931). 

Pictet and Reichel, Helv. Chim. Acta, 6 , 021 (1923) ; White and Hixon, J, Am, Chem, 
Soc., 56, 2438 (1933). 

Ross and Payne, ibid., 45, 2363 (1923). 

Pringsheim, “Die Polysaccharide,” Springer, Berlin (1931); Thaysen and Bunker, 
“The Microbiology of Cellulose, Hemicelluloses, Pectin and Gums,” Oxford University 
Press (1927). See, however, Waksman, paper presented before the Cellulose Division of 
the American Chemical Society at Chapel Hill, N. C., April, 1937. 
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assimilating nitrogen from the air or other nitrogen sources, yields 
nitrogen and carbon dioxide. 

As to the formation of methane, it is assumed that primarily carbon 
dioxide and hydrogen are liberated and these then react to form methane 
and water, with organic acids as intermediates.^^ However, other 
explanations appear possible also. 

The process of fermentation is preceded by hydrolysis through hydro- 
lytic enzymes. It has been possible to direct this process so that either 
cellobiose or glucose prevails by allowing either of the enzymes, cellobiase 
or cellulase, to act. This may be accomplished by adjusting temperature 
conditions to the optimum and by arresting the process of fermentation 
by means of antiseptics. In view of this the assumption may be made 
that the biological process passes through the same stages as cellulose 
subjected in the laboratory to hydrolysis by a chemical process. In 
other words, it appears likely that the bacteria also effect a gradual 
shortening of the cellulose chain, and that with refined methods oligo- 
saccharides and even fractions of higher molecular weight might be 
isolated. Steps in this direction may be seen in the work which led to 
the recognition that cleavage of the longer chains (from cellulose down 
to the water-soluble dextrins) is apparently effected exclusively by cellu- 
lase whereas the oligosaccharides undergo scission chiefly under the 
action of cellobiase. Thus one may distinguish between “ ^-glucopoly- 
saccharase^^ and ^^/3-glucooligosaccharase.''^^ 

However, no connection is apparent between observations of this 
kind and the fact that some bacteria cease to act after they have short- 
ened the cellulose chain to a certain extent. It would appear as though 
accumulation of degradation products at this stage causes the bacteria 
to die off. ® ^ 

The number of isolated and well-defined bacteria capable of cellulose 
destruction has greatly increased during recent years, and very interest- 
ing results of extensive research work, especially in the field of soil 
microbiology, are available.®^ 

THE CHEMICAL CONSTITUTION OF CELLULOSE 

Considering the facts which have just been presented in the fore- 
going sections it would appear that few mistakes could be made in devis- 

Symons and Buswell, J. Am. Chem. Soc., 66, 2028 (1933). 

Grassmann, Zechmeister et al., Naturwissensckajten, 20 , 639 (1932). 

Winogradsky, Compt. rend., 183 , 691 (1926). 

Waksman, “Principles of Soil Microbiology,” Williams and Wilkins Co., Baltimore 
(1927) ; Waksman and Davidson, “Enzymes,” Williams and Wilkins Co., Baltimore (1926) ; 
see, also, Waksman, paper presented before the Cellulose Division of the American Chem- 
ical Society at Chapel Hill, N. C., April, 1937. 
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ing a chemical constitution for cellulose which would be in harmony 
with all the facts. However, when the first attempts were made, all 
the facts were not known, and later attempts with more facts available, 
went in directions other than could a 'priori have been expected. 

In order to arrive at a better understanding not only of these various 
attempts but also of our present conception of the chemical structure of 
cellulose, it appears advisable to review briefly the past history from 
the time the first serious suggestions were made. 

At that time the following four facts were known: 

1. The product of hydrolysis is glucose. 

2. Acetolysis yields a tri- or disaccharide. 

3. There are probably not more than three hydroxyls which 
react as alcoholic groups. 

4. There is little indication of a free aldehyde group. 

Since no other products of hydrolysis had been found, the first 
two facts (even though at that time cellobiose acetate, first isolated 
by Franchimont in 1879, was thought to be a triglucose ester) jus- 
tified the definition of cellulose as a polysaccharide built up from 
single mono-, di-, or trisaccharides. Trained in the classical methods 
of approaching problems of chemical constitution, Tollens, who had 
established an hypothetical formula in 1895 (Fig. 1), quite naturally 
and logically thought of the glucose anhydrides as being finked 
together in accordance with the principle of polymerization in its 
original meaning, that is by condensation of glucose units with loss 
of water. It was logical and natural also that he arranged the units 
in a chain. The amorphous nature of cellulose, its insolubility, and 
other properties placed it in the class of substances of high molecular 
weight. 

O 

Hz H H H H 11 

c-c-c-c-c-c 

^ ^ OH OH OH H 

Hz H H H H \/ 

c - c-c - c - c - c 

! 1 OH OH OH H 

O O 

Hz H H H H \/ 

C-C-C-C-C-C 
I 1 OH OH OH H 
O O 

Hz H H H H \/ 

C-C-C-C-C-C 
OH OH OH OH OH H 

Fig. 1. — Cellulose formula. (Tollens)* 


♦ From Heuser, “ Lehrbuch der Cellulosechemie/’ 3rd ed., Borntraeger, Berlin (1927). 
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Tollens also had a very definite concept of the way in which the 
single units are linked together, that is the carbonyl group of one 
glucose unit being connected with the hydroxyls in the 5- and 6-positions 
of the next in the so-called double oxygen linking by which he explains 
the particular physical properties of cellulose. Thus, it appeared as if 
the only thing for the following generation to do was to deliver experi- 
mental proof for Tollens’ formula and not to bother too much about 
the high-molecular nature. This postulation may for the moment be 
accepted merely as a means of showing how the development probably 
would have proceeded if it had not been interrupted by numerous excur- 
sions into the field of speculation concerning the nature of high-molecu- 
lar substances. 

Assuming that hydrolysis of cellulose yielded as the end product 
glucose in 100 per cent yields, the problem was to direct hydrolysis in 
such a way as to isolate oligosaccharides whose possible formation 
Tollens’ formula suggested, especially since the next higher link to 
glucose, cellobiose, had actually been found some years before Tollens’ 
formula was advanced, and, moreover, since it was known that nature 
produces tri- and tetrasaccharides, some of which had even been syn- 
thesized at that time.* Had the cellulose chemists succeeded in 
identifying the cellodextrins as mixtures of cellotriose, cellotetraose, 
pentaose, and hexaose, with still higher polymers, the road would have 
been opened to answer the next question, namely, how the glucose 
units are linked together in these oligosaccharides. In answering this 
question the cellobiose then actually isolated would have offered excel- 
lent material for investigation, especially since the mode of linkage 
between glucose molecules in other disaccharides was known to be of a 
glucosidic nature. The third question then would have been: Are 
the linkings in cellulose itself always the same, or do different linkings 
occur alternately? 

Thus quite a number of problems were open to investigation before 
the final question, namely: How many glucose residues unite to form the 
cellulose molecule, and how many cellulose molecules unite to form the 
next higher aggregate and the fiber itself? 

Such probably would have been the course which structural chem- 
istry would have taken if the Tollens’ generation had continued to inter- 
est themselves in this problem. However, for about twenty years very 
little happened except that a number of other formulas were proposed, 
for which, however, no new facts were available. The only result im- 
portant constitutionally was the finner establishment of the postulation 

* See the enzymatie syntheses of maltose and isomaltoso from glucose by Hill, J. Chem, 
Soc., 73 , 634 (1898); 83 , 578 (1902). 
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that any cellulose formula must have only three esterifiable hydroxyls. 
This was the outcome particularly of Ost’s^^ indefatigable studies on 
the acetylation of cellulose. In reality the new formulas, as for example 
those suggested by Vignon^^“ and later by Green, are only the 
result of a more or less well-founded speculation on the possible ar- 
rangement of the atoms in the glucose anhydrides. Besides, they do 
not explain the formation of cellobiose. 

After the year 1920 the endeavors to establish the constitution of 
cellulose moved chiefly in two directions. In one it followed the solid 
and secure paths which for a long time had been established for the 
investigation of problems pertaining to the chemical constitution of 
molecules and which had so successfully clarified the chemical structure 
of many natural products. In the other direction, research left the 
solid ground of approved principles and entered the realm of specula- 
tion on the size of the cellulose molecule, trying to explain its nature 
as that of a high-molecular substance by means of a concept entirely 
new in the field of polysaccharide chemistry. 

Rontgenography, although at its start encouraging such speculation, 
yet, in the main, tried to bring its findings into agreement with the 
constitution as determined by chemical means, and to purge itself of 
premature and far too vague conclusions. Thus x-ray investigation, 
although limited in what it can t(‘ll about the chemical side, has given 
much support to present knowledge of the chemical structure of cellu- 
lose and other natural products. 

Before research started to follow these two directions and when x-ray 
investigation had just produced its first findings on the crystalline 
structure of high-molecular substances, a new formula was offered to 
the cellulose chemists in 1920 by K. Hess. His formula, a pentagluco- 
sido-glucose, based on the ideas prevailing then concerning the structure 
of tannins, represented cellulose as a hexasaccharide in which five glucose 
units were linked, by means of glucosidic bonds, with the five hydroxyls 
of another glucose unit. Although this formula was entirely of a specu- 
lative nature it maintains its importance in cellulose history in having 
awakened a number of investigators to activity and having thus ended 
the long and rather fruitless period after 1895 when Tollens’ formula 
was suggested. 

Hess's formula would account for a yield of only 32-33 per cent 
cellobiose and thus was not in agreement with the 40 per cent yield 

See Hess, “ Die Chemie der Cellulose,” or Heuser, ” Lehrbuch der Cellulosechemie,” 
3rd ed., Borntraeger, Berlin (1927). 

680 Vignon, Bull. soc. chim., [3] 21, 599 (1899). 

636 Green and Perkin, J. Chem. Soc., 89, 811 (190G). 

Hess, Z. Elektrochem., 26, 232 (1920). 
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actually obtained. This stimulated Karrer^^“ and Frcudenberg, 
independently of each other, to study anew the acetolysis of cellulose. 
Freudenberg®^ calculated that not 40 but 61 per cent of cellobiose is 
formed and that this 61 per cent could be isolated if it were not for the 
fact that about 20 per cent is lost because of hydrolysis to glucose under 
the conditions of acetylation. A calculation based on a chain length of 
100 units revealed that probably the highest amount which can exist 
in the mixture after acetolysis is 67 per cent. Thus, while the pcmta- 
glucosido-glucose formula was not in agreement with one of the most 
important facts, the results of acetolysis pointed in the direction of a 
long chain, i.e., the principle put forward in Tollens’ suggestion. 

At about the same time, the method of total methylation and 
hydrolysis of the methylated products, as applied by Irvine, by Haworth, 
and by Karrer and their collaborators (p. 1553), proved an excellent 
m(ians of obtaining information on structural problems. 

The interesting results which were thus produced on the probable 
structures of maltose, cellobiose, and other disaccharides (as well as the 
results obtained by Karrer by the use of phosphorus pentabromide) 
were over-shadowed by the endeavors to find another explanation for 
the high-molecular state of organic natural products. These endeavors 
can be traced back to Cross and Bevan, pioneers in the cellulose field, 
who expressed the opinion that cellulose may be an aggregation of units 
different from ordinary molecules. The issue was raised anew by Hess’s 
formula, which brought to the fore those investigators who did not see 
any necessity for changing the classical concept of chemical constitution 
in the case of highly polymeric substances. 

With his formula Hess at the same time had offered the suggestion 
that the cellulose molecule is represented by a number of hexasaccharide 
units held together by means of residual forces of affinity.'’ This idea, 
likely influenced by Werner’s coordination theory of the nature of 
complex molecules, possibly because it was a deviation from the previ- 
ously accepted meaning of polymerization, appeared to many to offer 
a welcome possibility for widening their knowledge in this respect. 
From 1920 on the idea of the small units held together by forces other 
than normal valences gained much headway. 

With the pentaglucosido-glucose formula abandoned, it was assumed 
that the anhydrides of glucose or perhaps cellobiose, were possible 
‘‘building units” of cellulose. Thus, Karrer,®'^ in 1921, expressed the 

Karrer and Widmer, Helv. Chim. Acta, 4 , 174 (1921). 

Freudenberg, Ber., 64 , 767 (1921). 

Cross, Bevan, and Traquair, Ckem. Ztg., 29 , 527 (1905). 

Karrer, “ Polymere Kohlenhydrate,” Akad. Verlags-Ges., Leipzig (1925); Karrer, 
Celluloaechem., 2 , 127 (1921). 
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strong belief that the anhydroglucoses in starch as well as those in 
cellulose are held together by means of '^secondary bonds'^ and that 
depolymerization does not involve such structural changes as the open- 
ing of oxygen linkings. 

For Karrer the building unit of cellulose was an anhydrocellobiose, 
and the '‘exponent of polymerization” (degree of polymerization), de- 
duced from the heat of combustion of starch, and from a general analogy 
with starch, was thought to be not greater than three and probably two. 
Consequently Karrer considered the cellulose molecule to be a dimeric 
cellobiose anhydride (Ci 2 H 2 oOi()) 2 - This formula denies the possibility 
that hydrolysis may produce other oligosaccharides than one, namely 
cellobiose, a postulation which was in agreement with Karrer 's strict 
refusal to believe a chain structure possible. 

That the cellulose molecule should be represented by only two cello- 
biose anhydrides held together by secondary valences, instead of a 
hundred or more of such units linked together by means of normal 
valences, certainly was a daring suggestion, even in the memorable year 
1921 when the first results of x-ray investigation were thought to be not 
in disagreement with the conception of the small units. R. 0. Herzog and 
Jancke®® had found that the group (CgHio 05)4 repeated itself regularly 
within the space lattice pattern, obtained from monochromatic x-radi- 
ation of cellulose fiber, a rc'sult which was welcomed by Karrer as being 
in good agreement with his conception. This shows that at that time 
x-ray possibilities were much overestimated; the elementary unit, that 
is, the basic cell of the crystal, was confounded with the molecule. 

Hess went still further than Karrer wlam he claimed that the cellulose 
molecule is monomeric, i.e., it is represented by a single glucose anhy- 
dride. It was assumed by Hess to exist as such in solution, ^ ^ for instance 
in cuprammonium solution, and as was claimed a few years later (1926 
and the following years), also in the form of derivatives, such as acetyl- 
and methylcellulose in their respective solutions. In its solid form, and 
also in that brought about by regeneration from solution, cellulose then 
would represent an association of monomeric glucose anhydrides, and 
this association would be held together by secondary valences. The 
idea of association was thus substituted for that of polymerization. 

In Karrer’s cellulose structure representing a dimeric anhydrocello- 
biose, the two anhydrocellobiose units were also thought to be held to- 
gether by secondary valences, and a great number of the dimeric mole- 
cules were thought to be united, by nieans of “crystal” valences, to build 
up the cellulose itself. Depolymerization then would first force the 

Herzog, Z. physik. Chem., 139 , 235 (1928). 

Hess, “Die Chemie cler Cellulose,” pp. 294, 400, 432, and 448. 
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crystal valences to open and single cellulose molecules would result. The 
next step would be the breaking of the secondary bonds, to yield single 
anhydrocellobiose molecules. On hydrolysis these would result in 
cellobiose and on further hydrolysis, in glucose. Although the opinion 
was expressed that with cellulose depolymerization can scarcely occur 
without hydrolysis at the same time, Hess'® claimed to have obtained 
(by means of acetyl chloride) an anhydro biose as a monomeric indi- 
vidual, a claim which seemed to receive much support by the isolation, 
reported by Bergmann and Knehe, ^ ^ of another anhydro biose. 

Without accepting the idea of small units, the concept of depolymer- 
ization was further developed when attempts were made to explain 
the fate of cellulose during a number of technical processes, such as the 
conversion of cellulose into solutions and the regeneration to artificial 
silk, films, and the like, or the isolation of cellulose from plant material 
by the various processes of pulping, bleaching, etc. It was assumed that 
in all these processes larger complexes are broken up into smaller ones 
without change in the chemical structure of the molecule. The degree of 
depolymerization, which was also termed ^^physical depolyinerization,” 
depends upon the intensity of the means applied, and expresses itself in 
changes in various properties. 

It appeared plausible to assume that in the various processes, super- 
molecular forces, which hold the molecules together in the various forms 
in which cellulose appears (e.g., fiber and amorphous cellulose), are 
loosened and broken down, resulting in smaller complexes, and that this 
happens long before a change in the chemical structure of the cellulose 
can be detected. 

In the meantime, methylation of cellulose, which Denham had begun 
in 1913, was made the subject of renew^ed studies. Hydrolysis yielded 
trimethylglucose, whose structure as a 2,3,6-methylatcd monose w’^as 
recognized by Denham, confirmed by Haworth and Leitch, and later 
by Irvine and Hirst. This recognition, together with the fact that 
Irvine and Hirst could obtain a yield of about 80 per cent of 2,3,6- 
trimethyl glucose, was important since it showed that in ccdlulose, the 
hydroxyls in the 1- and 4-positions of each glucose unit must be occupied. 
With cellobiose known as one of the intermediates of hydrolysis, tht're 
was no doubt that one hydroxyl, probably that in the 4-position of one 
glucose unit, was glucosidically linked with the other glucose unit of 
the cellobiose. It was only natural to assume that in this second unit 


Hess and Friese, Ann.^ 460 , 40 (1926). 

Bergmann and Knehe, Ann., 446 , 1 (1925). 

Heuser, “Lehrbuch der Cellulosechemie,” 3rd ed. (1927), p. 2G4. 
Irvine and Hirst, J. Chem. Soc., 121 , 1585 (1922); 123 , 518 (1923). 
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(the non-reducing component) the hydroxyl in the 4-position was con- 
nected in the same type of linkage with a third glucose unit (see Figs. 
2, 3, and 4). Hence it was concluded that cellulose must consist of at 
least three glucose anhydrides. On this assumption acetolysis should 
theoretically yield two-thirds cellobiose and one-third glucose. But 
whether the linking was a 1,4- or a 1,5- could not yet be told with 
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Fig. 2. — Glucose (Amylene oxide form) 
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Fig. 3. — Cellobiose (1,4-Linking) 


certainty. It may be mentioned here that in Tollens^ chain formula 
the hydroxyls in the 2-, 3-, and 6-positions are available for methyla- 
tion (or acetylation, etc.) while the 1-, 4-, and 5-positions are involved 
in the linking of the individual glucose units (Fig. 5). Consequently 
Tollens^ old and much-contested formula could well explain the forma- 
tion of 2,3,6-trimethylglucose from trimethylcellulose on hydrolysis. 
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Fig. 4. — Methylated cellotriose 
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Fig. 5. — Cellulose formula (Tollens) 


The influence of the idea of the small molecules reached even the 
rather conservative English chemists. Irvine and Hirst suggested that 
the cellulose molecule was built up of three glucose anhydrides of butylene 
oxide structure connected to each other by 1,5-linkages to form a cyclic 
trisaccharide. 

Ring structure was assumed because of the failure to detect any 
tetramethylglucose in the degraded methylation products. An open 
chain naturally must have a beginning and an end, and the terminal 
units can each be linked to only one neighboring glucose. This being 
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the case, it follows that in each of the two terminal imits there should 
be one more reactive group open to methylation (see Fig. 4). In the 
reducing unit it is the reducing group which is open to methylation, and 
in the non-reducing unit, it is the hydroxyl in the 4-position which may 
be methylated. On hydrolysis the methoxyl of the reducing group is 
eliminated and the reducing group is regenerated, but the methoxyl 
group in the other terminal unit remains. Thus, hydrolysis would 
have to yield a certain percentage of tetramethylglucose. Since this 
could not be found, ring structure was assumed. 

Here may be mentioned Hibbert^s^^ suggestion made about one year 
earlier. His formulation of the glucose anhydride was the first attempt 
to account for the exclusive formation of 2,3,6-trimethylglucose (on 
hydrolysis of methylcellulose), and it is interesting that his formulation 
is identical with that of the ^S-glucosan which is formed on distillation 
of glucose in vacuo. Hibbert left the number of glucose anhydride units 
open for discussion. 

It must be emphasized that Denham, when he made his second in- 
vestigation as early as 1917, had found a trace of a crystalline substance 
which * ^resembled tetramethylglucose.^^ Although he did not pay much 
attention to it he thought it possible that tetramethylglucose might be a 
normal product of hydrolysis of methylated cellulose and that cellulose 
itself may chiefly be represented by an open chain of condensed glucose 
radicals.’^ 

On the other hand, the search for the tetramethylglucose was never 
given up. As already mentioned, Irvine, together with Hirst, looked 
for it in vain and so did others after them (see for instance Freudenberg 
et aZ. and it was not until 1932 that Haworth and Machemer^'^ 
isolated it. The fact that tetramethylglucose had not been found, 
although its presence had been dimly indicated, was used as one of the 
arguments against the chain structure, particularly in Germany where 
the idea of the small units had been born and was being fostered more 
than anywhere else. 

In general, the English chemists did not bother much about the new 
conception, especially since Sponsler^® and other x-ray investigators had 
made it clear that the basic cell of the crystal lattice and the molecule of 
cellulose are two different things, and were steadily recognizing the 

78 Hibbert, Ind. Eng. Chem., 13 , 256 (1921); J. Chem. Soc., 119 , 803 (1921). 

7«a Irvine and Hirst, ibid., 123 , 629 (1923). 

7* Freudenberg and co-workers, Ann., 460 , 288 (1928); 494 , 54 (1932). 

78 Haworth and Machemer, J. Chem. Soc., 2372 (1932); Trans, Faraday Soc,, 29 , 
14 (1933); Nature, 129 , 365 (1932). 

76 Sponsler, J. Gen. Physiol., 9 , 221 (1925); 10 , 677 (1926); see, also, Phys. Rev., [2] 10 , 
661 (1917). 
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necessity of bringing their evidence into harmony with the structure 
deduced from chemical experiments which pointed strongly to a linear 
molecule. 

At this time the constitutions of cellobiose and isomeric disaccharides 
such as maltose, etc., were the focus of interest. In 1926, Haworth, 
Charleton, and Peat^®'* gave proof of the constitution of cellobiose as a 
l-glucosido-4-glucose (Fig. 3), and in the same year Zernpl^n arrived 
at the same structure by way of a cyanohydrin synthesis. ^ As Haworth 
had demonstrated d-glucose to have a pyranose formula, cellobiose 
could be formulated as in Fig. 6. The importance of the clarification 


^-Glucose /9-Glucosc 



of the cellobiose structure may be expressed in Haworth’s words: 
‘‘The elucidation of the ring structure of sugars gave a new impetus to 
constitutional study, and the allocation of th(‘ hexagon formula to 
glucose provided n(‘W interpretations of the experimental evidence 
bearing on the constitution of the polysaccharides.””^ 

It was a fortunate coincidence that at about the same time (1926) 
the search for oligosaccharide's higher than cellobiose' among the prod- 
ucts of cellulose hydrolysis had been successful. As early as 1923 
Bertrand and Benoist””^^ had described a those among the products of 
acetolysis which was confirmed by Ost^”^ and by Irvine and Robert- 
son.^^'' Today it is known that the those and the tetraose found 
among the products resulting from hydrolysis with strong hydrochloric 
acid had been isolated by Willstatter and Zechmeister in 1913.^^ 
Irvine and Robertson obtained the trisacchahde by interrupting the 


Charlton, Haworth, and Peat, J. Chem. Soc., 129, 89 (1926). 

Zempl6n, Bcr., 59, 1254 (1920). 

* From Haworth, “ The Constitution of Sugars,” Arnold and Co., London (1929). (Courtesy 
of the publishers.) 

Haworth, “ The Constitution of Sugars,” p. 74. 

Bertrand and Benoist, Comjd, rend,, 177, 85 (1923); 176, 1583 (1923). 

^^«»Ost, Z. angew. Chem., 39, 1117 (1926). 

77c Irvine and Robertson, J. Chem. Soc., 128, 1488 (1926). 

^8 Willstatter and Zechmeister, Her., 62, 722 (1929). 
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acetolysis immediately before the formation of the octaacetate of 
cellobiose occurs, that is, before the last step in the formation of cello- 
dextrins is reached. 

Probably this is a somewhat later stage than that from which Hess, 
and Bergmann and Knehe believed they had isolated a biose anhydride 
(p. 1573) which later proved to be a mixture. 

The formation of anhydrides when cellulose is exposed to certain 
reactions, is of course quite possible, but these anhydrides no doubt owe 
their formation to secondary reactions. As in the case of levoglucosan, 
it must be assumed that hydrolysis to mono- or disaccharides is the 
primary reaction and that the loss of water follows. 

These, also, are the phases of the reaction that takes place on treat- 
ment of trimethylcellulose with hydrogen chloride in ether which, accord- 
ing to Freudenberg and Braun, yields l-chloro-2,3,6-trimethylglucose. 
On removal of the chlorine by means of metallic sodium, the intermediate 
is converted into 2,3,6-trimethylglucose anhydride (Fig. 7). 
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Fig. 7 

2,3,6-Trimethylglucose anhydride 

This anhydride behaves very differently from trimethylcellulose; it has a 
melting point, a molecular weight in accordance with its monomeric 
formula, and it lacks any ability to associate to form higher aggregates. 
Hence, there is no reason to ascribe to the glucose anhydride and other 
lower anhydrides obtained from cellulose supermolecular forces that 
would effect association of single anhydrides to cellulose itself, as 
postulated in Hesses hypothesis of the structure of cellulose. 

On the other hand, some observations pointed in the direction of 
polymerization of anhydro sugars to complex compounds. For instance, 


Freudenberg and Braun, Ann., 460 , 288 (1928). 
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Pictet and Ross^®® observed such a polymerization with jS-glucosan 
upon heating it to a high temperature in the presence of zinc chloride. 
Another example is the reassociation of the triacetate of a glucose 
anhydride in aqueous solution to a cellulose-like substance, called 
‘^cellosan,^' reported by Pringsheim. Such observations no doubt 
suggested the possibility of molecular aggregation by forces other than 
those which are utilized for synthesizing di-, tri-, and higher saccharides. 
But in respect to Pictet's /3-glucosan no clear relationship of the complex 
bodies to cellulose has been established, and in the association of Prings- 
heim's glucose anhydride to cellosan it is doubtful whether the primary 
process, namely the degradation of the cellulose into a glucose anhydride 
on heating in naphthalene, had actually gone that far, since the determin- 
ation of the molecular weight in the usual way, on which the conclusion 
was based, is not reliable. 

In the light of the conception of physical depolymerization, as in- 
dicated before, the hypothesis was further developed that such proces- 
ses first break the bonds which hold the chain units together laterally 
to form their higher aggregates, the micellae. If the processes are suffi- 
ciently severe, depolymerization will not cease at these bonds but will 
proceed further and attack the chains, splitting them into shorter mole- 
cules. The products of such cleavages, however, are still so large that 
the characteristics of high-molecular substances are still evident. 

An attempt to illustrate this principle was made using a series of 
increasingly degraded cellulose preparations, from native cotton cellu- 
lose, regenerated cellulose, hydrocellulose, down to the cellodextrins, and 
it was shown that the degree of depolymerization clearly depends upon 
the previous treatment to which the cellulose has been subjected.®^ 
This principle of depolymerization was demonstrated also by Staudinger, 
at about the same time,^^ on cellulose acetates of varying degree of 
depolymerization . 

The processes of depolymerization may sometimes occur when 
the original intact cellulose is forced to go into solution. On regen- 
eration, the fiber structure is lost, and ‘^amorphous" cellulose is obtained 
with physical properties very different from those of the original sub- 
stance. But the changes in chemical structure which may have taken 
place on depolymerization, either before or during the process of dis- 

Pictet and Ross, Compt. rend., 174 , 1113 (1922); Pictet and Sa’zmann, Helv. Chim. 
Acta, 8 , 948 (1925); Irvine and Oldham, J, Chem. Soc., 127 , 2903 (1925). 

Pringsheim and co-workers, Ber., 58 , 2136 (1925). 

Heuser, Z. Elektrochem., 9, 498 (1925); Heuser and Hiemer, Cellulosechem., 6, 101, 
125, 154 (1925). See, also, Heuser, “ Rapports sur les hydrates de carboiie,” lOe conf6r- 
ence de Tunion internationale de chimie, Li5ge (1930); Paris (1930), pp. 207 et seq. 

Staudinger, “Die hochmolekularen organ. Verbindungen,” Springer, Berlin (1932). 



1580 


ORGANIC CHEMISTRY 


solving, have not yet become measurable, for the shortened chains are 
still so long that the usual means of chemical identification fail. As for 
the process of association, i.e., the spontaneous agglomeration which is 
frequently observed in solutions of cellulose derivatives which have 
stood for a certain length of time, it may well be permitted to endow 
the shortened anhydride chains in solution with supermolecular forces 
which, under certain circumstances, may cause the reassociation of 
single chains of various lengths into bundles.’^ 

But these forces must not be ascribed to the lower anhydrides which 
can be identified chemically. For quite a large number of these must 
be linked together (and it is important to note that this linking occurs 
through primary valences) before the physical properties of the thus 
enlarged molecule become such as are characteristic of high-molecular 
substances. These are the colloidal nature, the failure to crystallize, 
the high viscosity in solution, the ability to form films, and the ability 
to reassociate. It will be remembered that a classical example was 
supplied by Emil Fischer in the synthesis of increasingly larger poly- 
peptides, But not until a molecular weight of about 1200 was reached 
did the polypeptide behave like a colloidal substance.®^® Later, Staud- 
inger®^ illustrated this principle in his synthetic polymeric series of 
long-chained molecules, such as the polyhydroxymethylenes (and 
-ethylenes), the polystyrenes, and the polyvinyl acetates. These poly- 
meric series, after having reached a certain chain length, are quite 
comparable with cellulose as far as their physical properties and col- 
loidal behavior are concerned. 

The comparability of the cellulose molecule and other naturally 
occurring polymeric substances with synthetic polymers was also most 
interestingly demonstrated by a study of polyamides and polyacctates, 
which were synthesized by Carothers®^ and his collaborators. With 
artificial threads obtained from such polymers, Carothers was able to 
demonstrate that a useful degree of strength and pliability is reached 
only with a minimum molecular weight of about 12.000 and a chain 
length of not less than approximately 1000 A (1 Angstrom unit = 
10“® cm. = O.lmjLi). 

From the foregoing it is evident that supermolecular forces become 
active only when the molecule has attained a certain size. In other 
words, the development of such forces, as mysterious as this phenomenon 
may seem, is a consequence of the growing molecule. The primary 
valences do not suffice to keep so many units tightly enough together, 

8^® Fischer, Sitzher. preuss. Akad. TTtss. Phyaik. math, Klasse, 990 (1916). 

82 Carothers and associates, J. Chem. Soc., 61 , 2548, 2560 (1929); 62 , 314, 711, 
3292 (1930); 64 , 1559, 1566, 1569, 1579 (1932). 
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and assistance is needed. This is supplied by the supermolecular 
forces. 

The fact that these forces are a function of the growth of the mole- 
cule may be regarded as strong support for the belief that the dispersion 
of cellulose in solution does not separate the chains into monomolecular 
anhydrides, nor does it seem justified to assume that these forces are of a 
latent character in the lower anhydrides. 

Most probably, the plant, the great master, builds up the high- 
molecular saccharides, such as cellulose, starch, the pentosans, and 
inulin, according to the same principle which prevails during synthesis 
in the laboratory; that is to say, it uses the primary valences of the 
simple compounds for synthesizing the disaccharides and the oligosac- 
charides, stabilizes them by dehydration and thereafter leaves it to the 
supermolecular forces to endow the longer and longer growing chains 
with still greater stability. 

It appears very plausible to identify these forces with the ^Van der 
Waals’ forces of molecular cohesion,’' a conception to which van Laar®^ 
apparently was the first to direct attention. These forces are assumed 
to increase with the size of the molecule. Meyer and Mark®'^ attempted 
to estimate these forces for various chain lengths. 

With regard to the identity of cellulose in plants there seems to be no 
doubt that different plants (and perhaps even the same plant) are 
capable of polymerizing single units into chains of different lengths, and 
it appears quite certain that this view would be confirmed by differ- 
ences in viscosity in solution or by other means, if the chains of various 
lengths could be isolated without d(‘gradation. 

In this connection attention may be directed to the biological poly- 
merization which results from the action of certain bacteria on sugars. 
Cellulose produced from sugars by Acetobacter xylinum^ as recently 
shown by Hibbert®^ is chemically the same as plant cellulose. It also 
gives, as G. L. Clark,®® and later, Champetier®^ and Khouvine®® have 
shown, the same x-ray diagram as plant cellulose. It, therefore, should 
be excellent material for elucidating the question of how many glucose 
anhydrides these bacteria arc able to unite; in other words, whether 


See Freudenberg, “Tannin, Cellulose, Lignin,” Springer, Berlin (1933), p. 98 and 
p. 105, footnote 2. 

Meyer and Mark, Ber., 61 , 593 (1928). 

Hibbert and Barsha, Can. J. Research, 6 , 580 (1931). 

Clark, “Applied X-Rays,” 2nd ed., McGraw-Hill, New York (1932), p. 445. 
Charapetier, Ann. chim., [10] 20 , 5 (1933). 

Khouvine, “Actualit6s scientifiques et industrielles,” No. 164, II; Khouvine, “Cel- 
lulose et baoteries,” Herman & Co., Paris (1934); Compt. rend., 196 , 1144 (1933); 198 , 
1544 (1934). 
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their ability is limited compared with that of plants. It might be 
possible to arrest the activity of the bacteria by some means so that they 
would build up chains of limited length. This and the isolation of such 
chains of increasing length would be a valuable means of throwing light 
upon the synthesis of cellulose from its building units. The technique 
involved here would probably offer fewer difficulties than an attempt 
to interrupt the synthesis of cellulose as it occurs in plants. 

With the concepts of polymerization and depolymerization ex- 
plained, and with the chemical evidence leaving scarcely any doubt that 
cellulose consists of a number of glucose anhydrides arranged in a chain, 
the next question was whether the linkings between the individual units 
alternate or are all the same. 

It will be remembered that derivatives of cellobiose as well as of 
cellotriose could be obtained synthetically by allowing 2,3,6-trimethyl- 
iS-methylglucoside to react on the chlorohydrins of permethylated 
glucose (tetramethylglucose-l-chlorohydrin) and cellobiose (hepta- 
methylcellobiosc^ chlorohydrin).®^ By these syntheses from compon- 
ents in which the types of linkage were known, and by determination 
of the optical rotation values and by quantitative evaluation of the 
optical superposition, Freudenberg was able to prove that the two 
glucosidic linkages in the cellobiose, the three in the cellotriose, the four 
in the cellotetraose, and the six in the cellohexaose, all belong to the 
jS-series. Hence, it is very probable that cellulose too contains only 
jS-linkages. One a-linkage, like that in maltose, to one hundn^d 
jS-linkages might reveal itself by a perceptible change in the molecular 
rotation. 

Further proof for the fact that there is only one type of linkage be- 
tween the individual glucose units of the cellulose molecule was brought 
forth by a study of the kinetics of the cleavage as effectuated by hydroly- 
sis and acetolysis. As these reactions proceed with time, more and 
more carbonyl groups are exposed, the number of which may be quanti- 
tatively estimated. Thus, the extent to which cleavage occurs may be 
expressed as a function of time. Since the di- and oligosaccharides sub- 
mit to hydrolysis more easily than the longer chains, the premise of 
the kinetic calculation, namely, that all linkages undergo cleavage with 
the same ease, is not quite fulfilled. Yet, a decision could be made as to 
whether the linkages are all the same or whether different linkages 
alternate. 

After the fundamentals of such investigations had been established 


** Freudenberg and Nagai, Ann.y 494 , 63 (1932) ; Freudenberg and co-workers, Ber,^ 63 , 
1961 (1930). 
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by Meyer, Hopff and Mark,®® and by Kuhn,®^ Freudenberg’s^^ numer- 
ous investigations during recent years leave no doubt that the linkages 
in cellulose are all of the same type. 

Thus, at the present time cellulose is regarded as a chain in which a 
large number of glucose units are linked together in a mode correspond- 
ing to that which occurs in cellobiose, namely, through the one and four 
positions. It must be assumed that the chain is open, which means that 
there is no linking between the two terminal units, the first unit having 
its hydroxyl in the 4-position and the end unit its hydroxyl in the 
1-position free. This may be expressed in writing the condensed 
cellulose formula thus: 

CeHiiOc— [CeHioOsln— CoHiiOs 

Finally, the length of the chain, that is, the total number of glucose units, 
remains to be discussed. 

In a previous section (p. 1576) it has been mentioned that the per- 
methylated cellulose yields on hydrolysis, according to Haworth and 
Machemer, " trimethylglucose and a certain amount of tetramethyl- 
glucose (0.6 p(‘r cent), indicating that the non-reducing glucose unit 
at the end of the chain possesses four hydroxyl groups open to methyla- 
tion. The additional hydroxyl is that in the 4-position of the unit at 
the left-hand side of the formula (Fig. 8). The proportion of tetra- 



Hydrolysis gives Hydrolysis gives 2, 3, 6 -trimethylglucose and MeOm 

tetramethylgluco- 
pyranose. 

Fig. 8* 

methyl- to trimethylglucose thus furnishes an approximate measure 
of the length of the chain. Haworth and Machemer have calculated it to 
consist of not fewer than 100 and not more than 200 glucose units, and 
they regard this size to be the average lower limit of the cellulose mole- 

Meyer, Hopff, and Mark, Her., 62 , 1103 (1929); 63 , 1531 (1930). 

Kuhn, Ber., 63 , 1503 (1930). 

Freudenberg et al., Ber., 63 , 1510 (1930); Freudenberg, “Tannin, Cellulose, Lignin,” 
pp. 99 et seq.; Freudenberg and Blomqvist, Ber., 68 , 2070 (1935); Trans. Faraday Sac., 
32 , 75 (1936); Blonaiqvist, Sitzber. heidelberg. Akad. Wias. math, naturw. Klassc, 7 (1936); 
Freudenberg, Monatah., 69 , 144 (1936). 

* From Haworth, “ The Constitution of Sugars,” Arnold and Co., London (1929). (Courtesy 
of the publishers.) 
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ciile.®2® The corresponding molecular weight of the cellulose would be 
between 20,000 and 40,000. 

This method of determining the length of the chain is of course de- 
pendent upon the past history of the cellulose preparation used. It 
gives an idea of the latter’s chain length with the reservation that 
the method of hydrolysis as well as that of isolation of the tetramethyl 
product are only approximately quantitative.^^ 

The other methods in which attempts are made to calculate the 
chain length based upon the special significance of a terminal unit or 
terminal groups must be viewed with a similar reservation. This is 
true of Bergmann and Machemer’s ^ ^ method based upon determination 
of the carbonyl group in the terminal unit and also of E. Schmidt’s 
method, which assumes certain free carboxyl groups in the cellulose 
molecule. Schmidt, by conductometric titrations, finds the amount of 
carbon dioxide liberated (0.28 per cent) to be a constant for most of the 
cotton samples invc'stigated. If carbon dioxide actually originates 
from the cellulose and not from impurities it would be necessary to 
assume the terminating groups of cellulose to be carboxyls, and cellulose 
would have to be regarded as an acid. Using the value of 0.28 per cent 
of carbon dioxide as a basis, Schmidt calculated native cellulose (raw 
cotton freed of wax and fat by extraction) to consist of 96 Co-units. 
However, raw cotton, oven extracted, cannot be regarded as chemically 
pure cellulose; it contains for example, a certain amount of pectin, a 
substance in which galacturonic acid plays an important part, and 
possibly other non-c(‘llulosic substances. These may be the cause of 
the liberation of carbonic acid. 

Of the physical methods of determining molecular weight it must be 
said that the classical methods which serve so well for ordinary organic 
compounds fail for high-molecular substances. More recently a num- 
ber of other physicochemical methods have been developed. Thus the 
osmotic-pressure method (measured on cellulose derivatives) indicates 
molecular weights which range between 25,000 and 100,000 (between 


Haworth, Monatsh., 69, 314 (1936). 

Hess, Angew. Chcm., 49 , 841 (1936), was not able to obtain tetramethylglucose 
from carefully purified cotton cellulose and believes that the small amounts isolated by 
Haworth are due to the fact that Haworth used acetylated cellulose. Thus, it is said, 
the presence of tetramethylglucose may be traced to an acetolytic action on the cellu- 
lose prior to methylation. See, also, Hess and Neumann, Ber., 70 , 710, 721, 728, 734 
(1937). 

Bergmann and Machemer, Bcr., 63 , 316, 2304 (1930); Staudinger and Schweitzer, 
Ber., 63 , 3132 (1930); Staudinger, “Die hochmolekularen organischen Verbindungen”; 
Ulmann, “ Molekulgrossen-Bestimmungen hochj^olymorer Naturstoffe,” Steinkopff, 
Dresden (1936), p. 100. 

Schmidt et aZ., Ber., 69 , 366 (1936); see, also, Lildtko, Biochem. Z., 268 , 372 (1934), 



CARBOHYDRATES III— CELLULOSE 


1585 


155 and 600 glucose units), depending upon the degree of depolymeriza- 
tion through which the various preparations have passed. Besides, 
evaluation of the results has revealed lack of homogeneity in most of the 
derivatives. ^ 

According to Staudinger, ® ® the relation between solution viscosity 
of cellulose in cuprammonium solution and its molecular weight (chain 
length) is of a quantitative nature. In general, this theory postulates 
that viscosity in solution increases proportionally with increasing chain 
length, and vice versa^ and that in solution the single chain molecules 
(‘^macro-molecules, “thread molecules ^^) ^^“ exist. It is important 
that the concentration of cellulose in cuprammonium solution be very 
low so that the macro-molecules do not interfere with each other. The 
upper limit of concentration, which may be admitted for high polymeric 
substances in general, is 0. 1-0.2 per cent. 

The relation between the molecular weight M and the specific vis- 
cosity rjap is expressed in the^ equation: 


Cgm 




Km is a constant characteristic for each polymeric series; Cgm is the 
concentration of the solution in basic moles per liter. Specific viscosity 
represents the increase in viscosity which a dissolved substance produces 
in the solvent. 

Numerous determinations have been carried out according to this 
method. Staudinger reports good agreement between molecular 
weights obtained with the viscosity method and those resulting from the 
osmotic-pressure method. On the basis of recent determinations^® 
a molecular weight of 324,000 is given for native (cotton) cellulose, of 
38,000 to 112,000 for cellulose triacetate, and of 54,000 to 410,000 for 
nitrocellulose. Again these figures represent average values, for, as 
mentioned above, the derivatives contain different chain lengths, and so, 
very likely, does native cellulose from manifold sources and even that 
from the same source. 

96a For the isothermal distillation method see Frazer and Patrick, Z. physik. Chem., 
130 , 691 (1927); Frazer, “Colloid Symposium Monograph/’ 7 , 259 (1930). 

Staudinger and Heuer, Ber.^ 63 , 222 (1930); Staudinger, Z. phyi^ik. Chrm., 163 , 
391 (1931); Bcr., 66 , 267 (1932); Staudinger, “Die hochmolekularei? organischen Ver- 
bindungen,’’ p. 56. 

See, however, McBain and McBain, J. Am.Chcm. Soc., 69 , 342 (1937) ; see, also, Hess 
and Philippoff, Ber., 70 , 639 (1937); PhilippofT, Ber., 70 , 827 (1937). 

Staudinger and Schulz, Her., 68 , 2320 (1935); Schulz, Z. physik. Chem., 176 , 323 
(1936). 

Staudinger, Angew. Chem., 49 , 804 (1936). 
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It is now claimed that the only absolute method for molecular- weight 
determination of cellulose and cellulose derivatives that yields a correct 
average value is the ultracentrifugal method originally developed by 
Svedberg.^^ 

This method which has given rather reliable results on proteins is, 
in addition, capable of supplying directly information regarding the 
homogeneity of the preparation investigated. It is based upon photo- 
graphic observations and records of equilibrium or velocity sedimenta- 
tion in a strong centrifugal field (up to 150,000 revolutions per minute). 
The values found are much higher than those obtained with the other 
methods. The following figures are given: 570,000 for native cellulose 
(corresponding to 3,600 glucose units); 150,000 to 500,000 for purified 
cellulose, 50,000 to 120,000 for regenerated cellulose, and 45,000 to 
100,000 for cellulose acetate. Kraemer and Lansing assume that the 
values obtained represent the molecular weights of the cellulose prepara- 
tions under investigation with as great a certainty as those obtainable 
by the classical methods applied to substances of low molecular weight. 

THE FINE STRUCTURE OF CELLULOSE AS REVEALED BY 
X-RAY ANALYSIS 

As mentioned above, x-ray analysis (p. 1758) furnishes definite proof 
of the crystalline nature of cellulose. It appears that most of the 
investigators ascribe the lattice on which the cellulose crystal is built 
to the monocliriic system, with dimensions of the basic cell, i.e., the 
smallest unit which still possesses the geometrical properties of the whole 
crystal lattic(‘, expressed in A (1 A = 10~® cm. = O.lmM), as follows 
(Meyer-Mark- Andress values) 

a (horizontal) 8.35 

b (vertical, representing the length of the basic cell, 

parallel to the fiber axis) 10.3 

c (forming the angle with a) 7.9 

= 78° 

These dimensions being known, the volume of the unit cell may be cal- 
culated, and from the volume and the mass of the anhydroglucose formu- 
la unit and the density of cellulose, it was found that four glucose anhy- 
drides may be placed within the unit cell. 

Making use of the work of W. H. Bragg and his numerous collabo- 
rators on the radii of atoms and the distance between atoms of homo- 

Kraemer and Lansing, J. Phys. Chem., 39 , 153 (1935); Kraemer, lecture, American 
Chemical Society meeting. New York, April, 1935; Chapel Hill, April, 1937; Lansing 
and Kraemer, J. Am. Chem. Soc., 57 , 1369 (1935). See, also, Ulmann, CelliUoaechem., 16 , 
114 (1936). 

Reference 4e. p. 138. 
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polar compounds, Sponsler and Dore^^® devised a picture of the possible 
structural arrangement of the glucose units in the basic cell. 

It is most interesting that a decision with regard to the glucose struc- 
ture to be selected for the arrangement within the unit cell could be made 
from three-dimensional models carefully constructed to a scale based 
upon the atomic radii of carbon and oxygen and the distances C — C and 
C — O. It was found that the amylene oxide ring structure which, as a 
result of chemical evidence, had been suggested by Haworth, fits best 
into Sponsler's lattice spacing as derived from x-ray data. For reasons 
of symmetry, the beta structure was given preference to the alpha struc- 
ture. 

As regards the mode of linking between neighboring glucose units of 
the chain, Sponsler and Dore erroneously chose alternating glucosidic 
and ether linkages instead of glucosidic linkages only. However, this has 
practically no bearing as far as the principles of their conception of the 
arrangement of the glucose units within the basic cell are concerned. 
The most essential result was that the investigators recognized the 
recurrency period (b) of 10.25 A along the fiber axis, as evidenced by x-ray 
investigations, to be a figure dependent upon the chemical structure of 
the cellulose. The diameter of one glucose unit, using Haworth’s 
pyranose ring structure, was calculated to be 5.13 A, that is, just half of 
the recurrency period. This means that in the unit cell, within the 
spacing of 10.25 A on each chain, there occur two glucose units (Fig. 9).* 
This suggested that the constituent units are arranged in continuous 



Sponsler and Dore, “Colloid Symposium Monograph” [IV], p. 174 (1926); see, 
also, Sponsler, Am. J. Botany, 9 , 471 (1922). 

* In this and the following figures, the hydrogen atoms are omitted, 
t From Sponsler and Dore, in “ Colloid Symposium Monograph” [IV], The Chemical Catalog 
Co. (1926). (Courtesy of the publishers.) 
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chains, which run parallel to the fiber axis through the unit cell. The 
position of the chains with respect to each other, stabilized by secondary 
valency forces, is shown in Fig. 10. 



Sponsler and Dore’s structure would explain a number of the physical 
phenomena dealt with in previous sections. It would account, for in- 
stance, for the swelling in water or in other liquids not attacking the 
cellulose chemically. This swelling is small in the longitudinal direction 
of the chains sinc(^ there is apparently no opportunity for the molecules 
of these liquids to penetrate between the single units of the chain. In 
the lateral direction, however, molecules of the liquid find sufficient 
space to enter and in so doing widen the space still further. This 
theory is in agreement with the x-ray pattern of the swollen (mercerized) 
cellulose. ^ ^ ^ 

This structure would account for the courses of the chemical reac- 
tions which cellulose undergoes. Thus, the fact that fibrous struc- 
ture is retained on acetylation, methylation, etc., may be explained by 
assuming that the new groups insert themselves into the spaces between 
the longitudinal chains. This will occur more easily the smaller the 
groups (a conception which is well supported by Trillat^®^), but the 
Unkages of the longitudinal chains and the skeleton of the fiber are not 
destroyed. 

It must be emphasized that Sponsler and Dore’s most interesting 
work has given great impetus to the studies in the years which followed 
their presentation. Notably, K. H. Meyer, and Meyer and Mark^®^ 

* From Sponsler and Dore, in “ Colloid Symposium Monograph” [IVj, The Chemical Catalog 
Co. (1926). (Courtesy of the publishers.) 

See, also, Katz, in Hess, “Die Chemie der Cellulose”; also, Trans. Faraday Soc., 
29 , 279 (1933). 

102 Trillat, Compt. rend., 197 , 1616 (1933); Trillat and Motz, ibid., 198 , 2147 (1934). 

108 Meyer, Z. angew. Chern., 41, 935 (1928). 

Meyer and Mark, Ber., 61 , 593 (1928); Meyer and Mark, “Der Aufbau der hoch- 
polymeren organischen Naturstoffe, Akad. Verlags-Ges., Leipzig (1930), pp. 93, 113. 
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have devoted much thought and experimental study to the problems. 
Their endeavors were facilitated by the ever-growing accumulation of 
chemical evidence on questions of constitution, particularly the estab- 
lishment of the cellobiose formula by Haworth and the abundance of 
x-ray data gathered from the study of numerous organic compounds. 

Meyer and Mark followed the same procedure as that of Sponsler and 
Dore. They constructed three-dimensional models of the constituent 
units from balls having multiples of the atomic radii and distances that 
had been established on other compounds. They also gave considera- 
tion to the tendency of the carbon atom to arrange neighboring carbon 
atoms tetrahedrally around itself. 

Further help was derived from Staudinger’s ideas on the structure of 
polymers as well as from investigations by Muller and Shearer,^ and 
others of the Bragg school, on long-chain fatty acids. Later, Meyer and 
Prill 10 r> obtained confirmation from well-built crystals of lauric acid in 
which the molecules were found to lie parallel to each other, and the 
atoms in the chains were found to be arranged in zigzag form. 

In their endeavors to accommodate the glucose units in a basic cell, 
Meyer and Mark used the dimensions as established in 1921 by Polanyi. 
Further calculations were based upon the /3-form of Haworth's cellobiose 
formula. This may be represented as shown in Fig. 11.* For the 
construction of this model, 1.54 A was chosen as the distance between 



10^ Muller and Shearer, J. Chem. Soc., 123 , 3156 (1923); Muller, Proc. Roy. Soc. 
(London), [A] 114 , 542 (1927). 

Meyer and Brill, Z. Krist, 67 , 570 (1928). 

♦ The shaded circles indicate the cartoon atoms; oxygen atoms are represented by 
the other circles; hydrogen atoms are omitted. 

t From Meyer and Mark, “ Aufbau der hoohpolymeren organischen NaturstofFe,” Akad. Verlags- 
Qes., Leipzig (1930). (Courtesy of the publishers.) 



1590 


ORGANIC CHEMISTRY 


carbon atoms and 1.35 A as the distance between carbon and oxygen 
atoms. 

By turning the lower part of the model through 180° and shifting it 
upward it will cover exactly the upper part of the model. Thus the cello- 
biose configuration reveals the principle of a diagonal screw arrangement. 
X-ray analysis has shown that the same principle prevails parallel to the 
fiber axis and that the screw component equals half the recurrency pat- 
tern, that is, 5.13 A. 

Since the length of the cellobiose model measures 10.25 A, it is evident 
that this length is ahnost identical with that of the recurrency pattern. 

Combining the various pieces of evidence, Meyer and Mark con- 
cluded that in the basic cell the cellobiose residues lie parallel to the b 
axis. Their arrangement is shown in Fig. 12.* 



An approximate idea regarding the size and form of the micellae or 
crystallites has been derived from the breadth of the hyperbolas (layer 
lines) of the diagram. Accordingly, the micella of the ramie fiber is cal- 
culated to be a rhombus which measures about 600 A along the fiber 
axis and 50 by 50 A across this direction. This estimate due to R. O. 
Herzog was confirmed by G. L. Clark. One micella would accom- 
modate 1500 to 2000 glucose units, and, assuming the chain to contain 
200 glucose units, one micella would comprise ten or less chains. Since 
in native cellulose the chains are very likely much longer, the number of 
chains in one micella would, accordingly, be fewer. 


♦ W. Bragg in a letter to Nature, 126, 634 (1930), pointed out that Meyer and Mark’s 
cell and that of Sponsler and Dore are mathematically identical, the side of one cell being 
the diagonal of the other, and vice versa. 

t From Meyer and Mark, “ Aufbau der hochypolymeren organiechen Naturetoffe,” Akad. 
VerlagB-Gee., Leipzig (1930). (CourteHy of the publisherB.) 

107 Clark, Ind. Eng. Chem., 22, 474 (1930). 
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The micellae in the native-cellulose fibers are all oriented parallel to 
the fiber axis: in cotton, turned spirally around the axis, while in 
artificial fibers and in films this 
orientation is missing unless it is 
produced by stretching. The flax 
fiber shows the highest degree of 
orientation. ^ ® ® The orientation 
of the micellae is directly related 
to the strength of the fibers. 

An idea concerning the possible arrangement of the micellae may be 
derived from a modeP^^ as shown in Fig. 13. Here (a) indicates 
primary valences between the glucose anhydrides, (6) secondary forces 




Fia. 14 1 


holding the chains in bundles, and (c) ‘tertiary” or '‘micellar'^ forces 
between the micellae. 

An x-ray diagram of cellulose is shown in Fig. 14. 


Farr and Clark, Contrib. Boyce Thompson Inst.^ 4 , 273 (1932) ; see, also, Steinberger, 
Textile Research, 4 , 495, 531 (1934). 

Morey, Textile Research, 4 , 491 (1934). 

Clark, “Applied X-rays,’' 2nd ed., McGraw-Hill, New York (1932). A similar 
arrangement is shown in Hawley and Wise, “Chemistry of W’ood,” American Chemical 
Society Monograph, Chemical Catalog Co., New York (1926), p. 26. 

* From Clark, “ Applied X-Rays,” 2nd ed., McGraw-Hill Book Co., New York (1932). (Cour- 
tesy of the publishers.) 

t Reproduced through the courtesy of Professor G. L, Clark, 
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THE MICROSTRUCTURE OF CELLULOSE 

As regards the relationship which exists between the fibrillae (fiber 
elements which with certainty may be seen under the microscope) and 
the micellae on the one hand, and the fiber on the other, an idea may be 
derived from Ltidtke’s work. The dermatosomes, so termed first 
by Wiesner (1886),^^^ and probably identical with Ritter^s fusiform 
bodies’" or ‘'spherical units,” are very small fibrillar sections still 
discernible under the microscope. They measure 0.5m in length and 
0.3-0. 5 m in diameter. On the basis of the figure for the length of the 
micella as given by R. O. Herzog and Kruger, one dermatosome would 
contain 8 micellae, united in a row. A row of 20-100 dermatosomes 
would make up one fibrilla of 0.3-0.5m diameter and 15-50m in length. 
Liidtke assumes the fibrillae to be united to “ striae ” and the striae to 
compose the layers which are cylindrically arranged around the lumen. 
Finally, according to his theory, the layers are divided up lengthwise 
into fiber sections by transverse elements, and the fiber sections, about 
10 to 100 put together, make up the fiber. 

It is interesting to note that no fibrillar structure exists in artificial 
fibers, although they, like the native fibers, are of micellar structure. 
This seems to justify Liidtke’s differentiation between the fibrillae as 
“ biological ” and the micellae as “ chemical ” units. 

Wiesner obtained his dermatosomes by treating the cell membrane 
with various reagents such as dilute hydrochloric acid. There is prob- 
ably some connection between Wiesner’s dermatosomes, Ritter’s fusi- 
form or spherical units, Hess’s crystals, and Wanda Farr’s cellulose 
particles, ^ ^ ^ which she isolated from young cotton cell membranes by 
means of weak acid or alkaline solutions, finding treatment with dilute 
hydrochloric acid (sp. gr. 1.19) for about 18 hours at room temperature 
most useful. 

The particles, on x-ray analysis, gave a typical Debye-Scherrer dia- 
gram and showed by other tests also that their essential cellulose nature 
was unaltered. Their approximate size was found to be 1.5 by 1.1m. 

From the filtrate of the hydrochloric acid solution in which the cellu- 
lose particles are suspended, a colloidal material may be obtained by 

Liidtke, Biochem,. Z., 233 , 1 (1931). 

Wiesner ei al., “ Dio Rohstoffe des Pflanzenreiches,” 4th ed., Engeimann, Dresden 
(1927), Vol. I, p. 396. 

Ritter and Chidester, Paper Trade J., 87 , 131 (1928); Ritter and Selx)rg, Ind. Eng, 
Chem., 22 , 1329 (1930); see, also, Hess and Schultze, Ann., 456 , 55 (1927). 

Farr and Eckerson, Contrib. Boyce Thompson Inst., 6, 189, 309 (1934); Farr and 
Sisson, ibid., 6, 315 (1934); Farr, Textile Research, 6, 518 (1936); Farr, paper presented 
before the Cellulose Division of the American Chemical Society at Chapel Hill, N. C., 
AprU, 1937. 
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precipitation with alcohol. It amounts to about 3 or 4 per cent of the 
cell membrane. Its composition is not yet known, but pectic acid is 
said to be an important part of it. The colloidal substance is termed 
cementing material and is assumed by Farr to hold the cellulose particles 
together in the cell membrane. 

It appears possible that this cementing material is a part of the so- 
called “Kittsubstanz’’ for whose existence in the cellulose fiber O. Herzog 
believed he had evidence from x-ray analysis, and which has been widely 
discussed ever since. There also seems to be a connection between the 
cementing substance of Farr and the so-called ^Tremdsubstanz'' of 
Ludtke which, the latter declares, holds the dermatosomes together. ^ ^ ^ 

From further observations Farr advances the hypothesis that the 
cellulose particles account for the crystalline behavior, and the cement- 
ing substance for the colloidal behavior, of the cell membrane, and she 
suggests that in many redactions to which cellulose is subjected, at least 
in their earlier stages, the membrane rather than the cellulose is dis- 
integrated. ^ ^ ^ 

Regarding the formation of the cell membrane from the protoplasm, 
Farr, in her microscopic studies, finds the cellulose particles in the inte- 
rior of the young cell scattered throughout the viscous protoplasm, sepa- 
rate or in beadlike chains. In later stages of cell development Farr de- 
scribes the beadlike chains as made up of single rows of particles, joined 
end to end, united in layers to form the mcmibrane. 

In contrast to the observations of Ludtke and of Farr, I. W. Bailey 
cannot find any evidence, either in untreated or in carefully swollen 
fibers, of discrete entities of cellulose, that is, of fibrillae, dermatosomes, or 
the like, which may be liberated simply by dissolving the non-cellulosic 
constituent. Such units seem rather to be heterogeneous fragments 
that are shredded or disrupted from an originally continuous and co- 
herent cellulose matrix. Any discontinuities in the structural pattern of 
the cellulose are confined to the submicroscopic field, i.e., to the realm of 
micellae or molecular chains. ^ ^ ^ 

In connection with her studies on cell walls, Farr believes to have evi- 
dence for the conclusion that the viscosity of cellulose in cuprammonium 
solution is due to the cementing substance and not to the cellulose parti- 
cles. Whereas the cementing substance dissolves, the cellulose particles 
are said to remain merely dispersed in the cuprammonium solution. 

Liidtke, Ann., 466 , 27 (1928). 

Farr, Textile Research, 7 , 66 (1936). 

Bailey and Kerr, J. Arnold Arboretum, 16 , 273 (1935). See, also, Kerr and Bailey, 

16 , 327 (1934) ; Bailey, paper presented before the Cellulose Division of the Amer- 
ican Chemical Society at Chapel Hill, N. C., April, 1937; Anderson, ibid\ Kerr, Proto- 
plasma, 27 , 230 (1937); Anderson and Moore, Am. J. Botany, 24 , 503 (1937). 
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They may be removed from the liquid, and tests show them to be still 
cellulose. 

These observations and the conclusions drawn therefrom are incom- 
patible with the results of all previous investigations, such as those of 
Hess, Traube, and Staudinger, on the mechanism of the dissolution of 
cellulose in cuprammonium solution. After exact data are available it 
may be possible to throw more light on the discrepancies existing at the 
present time. 
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INTRODUCTION 

The evolution of valence theories in organic chemistry has been 
accompanied by the introduction of characteristic symbols that have 
been applied with considerable success in the interpretation of struc- 
tural phenomena and of organic chemical reactions. The notion of 
integral valence bonds and the genesis of structural formulas, together 
with the recognition of a localized distribution of valence forces in space, 
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has been sufficient to account in large measure for diverse types of 
isomerism and in general for the phenomena associated with organic 
molecules in an inactive or resting state. Efforts to account for 
dynamic effects in these systems have led to a resolution of integral 
valence bonds into more or less nebulous components through the as- 
sumption of partial valences, primary and secondary valences, and 
residual fractional polarities. The contribution of these postulates to 
the growth and general progress of organic chemistry cannot be denied, 
but efforts to attach a precise physical significance to a valence unit or 
its hypothetical components had met with insuperable obstacles. 

The formulation by Lewis ^ of a more explicit electronic concept of 
valence and molecular structure has laid the foundation for advances in 
the direction of expressing chemical affinities in terms of more clearly 
defined atomic and molecular models. The older theories of organic 
chemistry and earlier electronic formulations of organic reactions^ have 
taken on more definite form, and a large number of chemical phenomena 
are seen from a new point of view. 

The introduction of the electronic theory and its application to 
problems of molecular constitution were advanced by the contributions 
of Langmuir,^ and in the period since 1920 a steady development and 
elaboration of the fundamental principles of the theory have taken place. 
Progress in the field of inorganic chemistry has been more rapid than in 
the organic domain, and many of the important generalizations and cor- 
relations have come from studies of the simpler inorganic molecules. 

It is evident, however, that the electronic theory must be applicable 
to chemistry as a whole. A strong impetus to its general acceptance 
and development was given by Sidgwick,*^*^ who showed that the under- 
lying principles of the theory and the contributions of modern develop- 
ments in atomic physics may be used with remarkable success in inter- 
preting the varied chemical behavior of covalent molecules and ionized 
salts and in elucidating the chemical relations of the elements in the 
periodic table. 

The general application of modern electronic concepts to organic 

’ Lewis, J. Am, Chem. Soc., 38 , 762 (1910); “ Valence and the Structure of Atoms and 
Molecules,” Chemical Catalog Co., New York (1923); see, also, Chem. Rev., 1, 231 
(1925); J. Chem. Phys., 1 , 17 (1933). 

2 Fry, ” The Electronic Conception of Valence and the Constitution of Benzene,” 
Longmans, Green and Co,, Now York (1921). This monograph contains a review of the 
early applications of electronic concepts to chemical reactions. 

^ Langmuir, J. Am. Chem. Soc., 41 , 868, 1543 (1919); 42 , 274 (1920); Ind. Eng. Chern., 
12 , 386 (1920). 

^ Sidgwick, ” The Electronic Theory of Valency,” Oxford University Press (1929). 

® Sidgwick, ” The Covalent Link in Chemistry,” Cornell University Press, Ithaca 
(1933); see, also, ‘‘Ann. Repts. Chem. Soc. (London), 30 , 110 (1933); 31 , 37 (1934). 
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chemical reactions is due largely to Robinson® and Ingold ^ and their 
collaborators. It must be stated at the outset, however, that this sub- 
ject is not yet beyond the state of a roughly qualitative solution of the 
varied and complex problems of organic chemistry, and is in a condition 
of active development. A good deal of progress has been made and 
further advances will be forthcoming, especially in the quantitative 
aspects of the subject. 

In 1927 Stewart made this statement:® *The greatest problem 
before organic chemists at the present day is the application of modern 
electronic views to the salient phenomena among the reactions of or- 
ganic compounds. The peculiarities of benzene, the extraordinary 
variety of effects observed in the rupture of double bonds, and esi)ecially 
the influence of conjugation, are examples of fields which seem to offer 
outlets for a considerable amount of speculation in connection with 
G. N. Lewis' theory." At the present time organic chemists are con- 
fronted with the serious problem of keeping abreast of the flood of 
speculative elaborations of electronic theories and seeking to under- 
stand and assimilate them. 

The Constitution of Atoms. The atom is conceived of as containing 
a dense nucleus bearing a net positive charge equal to the atomic num- 
ber of the element. The nucleus is surrounded by a definite number of 
electrons, sufficient to neutralize exactly the nuclear charge, and these 
are considered to revolve in concentric orbits or shells (quantum groups). 
On the basis of physical investigations Bohr® has grouped atoms into 
four classes : (i) those in which all the shells contain their full comple- 
ment of electrons (the inert gases) ; (ii) those in which all but the highest 
quantum group (outermost shell) are complete; (iii) those in which the 
two outermost electronic groups are incomplete (the transitional ele- 
ments); (iv) those in which the three outermost electronic groups are 
incomplete (the rare earth elements). 

The electronic configurations of the inert gases represent maxima of 
stability. The systems of other atoms tend to approach the stable 
arrangements of the inert gases by giving up electrons or by acquiring 
them. The outermost shell (highest quantum group) contains a rela- 
tively small number of electrons (less than eight) designated as valence 
electrons, which are relatively labile. The tendency of these electrons 

® Robinson, “ Outline of an Electrochemical (Electronic) Theory of the Course of 
Organic Reactions,” Institute of Chemistry of Great Britain and Ireland, London (1932). 

^ngold, J. Chem. Soc., 1120 (1933); Chem. Rev., 15 , 225 (1934). 

® Stewart, ” Recent Advances in Organic Chemistry,” 5th ed., Longmans, Green and 
Co., New York (1927), Vol. II, p. 354. 

® Bohr, ” The Theory of Spectra and Atomic Constitution,” The University Press, 
London (1922). 
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to form pairs (rule of two) and groups of eight (octet rule) is a basic 
principle of the theory of chemical combination. 

The underlying shells and the nucleus constitute the kernel or 
effective nucleus of the atom. In hydrogen the kernel is a proton and 
has a unit positive charge; in the elements of the first short period, from 
lithium to fluorine, the kernel includes two planetary electrons (the 
helium pair) and consequently has a net charge, called the effective 
nuclear charge, of two less than the atomic number. In the elements of 
the second short period, from sodium to chlorine, the kernel includes ten 
planetary electrons in two shells (the helium pair + an octet), and the 
effective nuclear charge is ten less than the atomic number. The atoms 
most frequently encountered in organic compounds are included in 
these two periods, in which the number of valence electrons (and the 
effective nuclear charge) increases regularly from one to seven and corre- 
sponds to the group of the element in the periodic table. In general, 
the atoms with an effective nuclear charge of one or two tend to give 
up electrons (“electropositive^' atoms), and those with a charge greater 
than two tend to acquire electrons and build up octets (^^electronega- 
tive" atoms). 

Ionic and Covalent Bonds. The union of atoms in a molecule 
may be effected through two different kinds of interatomic forces, elec- 
trovalence or covalence. An electrovalent or ionic link (also called a 
polar or heteropolar bond) is formed by the complete transfer of an elec- 
tron from one atom to another, and the binding force is due to electro- 
static attraction between the oppositely charged ions. In a covalent 
link (also called a non-polar or homopolar bond) the union is effected by 
means of a pair of electrons which is shared by two atoms and is common 
to the valence shells of both. The two electronic systems interpene- 
trate, and the atomic nuclei approach each other more closely than in 
electrovalent bonds. The binding force arising from a shared electron 
pair is localized and exerted in a definite direction about the atom, 
whereas the electrostatic attraction of a free ion has no definite direction 
in space and extends to all ions of opposite sign in its neighborhood. 

Sugden^^ has developed a theory based upon the hypothesis that 
atoms may be held together in stable combinations by the formation of 
a covalent bond in which only one electron is shared by the atomic nuclei, 
and he has used this assumption to formulate the electronic configura- 
tions of a number of inorganic molecules (SF6,PF5, etc.). There isevidence 
that hydrogen may form a one-electron covalent bond in the unstable 
hydrogen molecule-ion [Ho]'^, in diborane and the organoboron hy- 


^oSugden, “ The Parachor and Valency,” Routledge and Sons, London (1930). 
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drides, but it appears on physical grounds that covalent bonds of only 
one electron may be expected to occur only very exceptionally, and also 
that a bond of three shared electrons is highly improbable. ^ ^ There is 
certainly no justification for the assumption that covalent bonds of one 
or three electrons are present in any stable organic molecule. 

Coordinate Bonds. Covalent bonds may be considered to arise in 
two ways: each atom may contribute one electron of the binding pair 
(normal covalent link) or one of the two atoms may furnish both elec- 
trons (coordinate link). A bond of the second type is sometimes called 
a semi-ionic (semi-polar) or dative double bond. The coordination 
process involves the union of a donor atom possessing an unshared pair 
of electrons in its valence shell and an acceptor atom which is capable of 
holding two additional electrons. Typical donor atoms include 3- 
covalent nitrogen in ammonia and amines, 2-covalent oxygen and sul- 
fur, and 1-covalent iodine; examples of acceptor atoms include hydrogen 
cations (protons), 2-covalent magnesium and zinc in their alkyl deriva- 
tives, and 3-covalent boron in its alkyl derivatives and halides. 

The union of triethylamine or diethyl ether with boron trifluoride 
serves to illustrate the formation of a coordinate link. Owing to the 
fact that nitrogen has five valence electrons it can complete its octet 
by forming three normal covalent bonds; the resulting 3-covalent 
nitrogen atom possesses two unshared valence electrons and can act as a 
donor. Boron has three valence electrons and can acquire but three 
more by the formation of normal covalent bonds, achieving a total of 
only six valence electrons. By virtue of the general tendency of a 
valence sextet to pass into the stable electronic configuration of an 
octet, 3-covalent boron can acquire two additional electrons and can act 
as an acceptor. In forming the compound R3N-BF3, the octet of boron 
is completed by the previously unshared electron pair of the nitrogen. 

Et F Et F 

Et:N: + B:F -> Et:N:B:F (white^ry^talline solid) 

Et F Et F 

F F 

Et:0: + B:F Et:0:B:F 

• • •• •••• ^ 

Et F Et F 

As a result of the coordination process, the acceptor atom obtains a 
share in two more electrons and its residual positive charge is decreased, 
while that of the donor atom is increased a corresponding amount. 


Pauling, J. Am. Chem. Soc.t 63 , 3226 (1931); see, also, Chapter 22, p. 1865. 
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Owing to this disturbance of the systems a coordinate link is sometimes 
regarded as a double bond made up of one ionic and one covalent bond, 
or as an intramolecular ion (zwitterion).^^ However, the extent of the 
sharing of the electron pair by the two atoms of either coordinate or 
normal covalent bonds is unknown. In both types the residual charges 
vary over a wide range in different links and probably show time-vari- 
ability in any given link. In the example of coordination cited above it 
is sufficient to recognize that the nitrogen atom after coordination is in 
a condition similar to that in an ammonium ion, and the boron in a state 
similar to that in a fluoborate ion. 

The formation of a coordinate link is denoted conveniently by means 
of an arrow drawn from the donor to the acceptor, EtaN— >BF3, show- 
ing the source of the electron pair and the orientation of the resulting 

t I fi 

dipole (_ y). This symbol refers merely to the manner of estab- 

lishing the bond and does not imply that the electron pair of a coordi- 
nate covalent link differs in itself from that of a normal covalent 
link. In general the distinction between normal and coordinate cova- 
lent bonds vanishes once the bond is established and serves mainly to 
aid in recognizing a condition in which the covalence of an atom exceeds 
the number of electrons it can contribute in the formation of the links or 
the number required to complete a stable group of eight (two, for hydro- 
gen), and the higher covalent state is not accompanied by the appearance 
of definite ionic charges. The combination of neutral hydrogen and 
chlorine atoms by electron-pairing produces a molecule of hydrogen 
chloride that cannot be distinguished from one formed by the coordi- 
nation of a proton and a chloride ion. 

H-Cl [H]i--0C10“ 

If one of the participants in the coordination is a univalent ion the 
integral charge is dissipated and the use of a distinctive symbol in the 
product is superfluous. When a molecule of ammonia undergoes co- 
ordination with a proton, the unit positive charge of the proton is dis- 
tributed throughout the resulting ammonium ion and the new covalence 
becomes identical with a normal covalence. Likewise, the coordination 
of boron trifluoride with a fluoride ion produces a new anion in which the 
unit negative charge permeates the entire system and all the fluorine 
atoms in the fluoborate ion are held by identical covalences. The 
normal state of ammonium or fluoborate ions is not represented as a 


Noyes, Chem. Rev., 17, 1 (1935). 
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coordination complex (I, III) but as a system held together by ordinary 
covalent bonds (II, IV). 



" H n 

+ 

F 

7NH3 becomes 

1 

H-N~H 

1 

"■ > BF3 becomes 

F— B-F 

1 

I II 

H 

in IV 

1 

L F _ 


Rule of Covalence Maxima. An expression of the valence of an 
atom in terms of the electronic theory must take into consideration its 
capacity to form chemical combinations through electrovalent and 
covalent linkages. The electro valence of an atom is determined by the 
number of its valence electrons; for an atom which tends to acquire 
electrons it is equal to the number of electrons it requires to attain a 
stable number, and for an atom which tends to lose electrons it is equal 
to the number of electrons in excess of a stable number. The normal 
covalence of an atom is also determined by the number of its valence 
electrons, but since additional covalent links may be formed by co- 
ordination, it might appear that the total covalence could vary through 
wide limits. On the basis of chemical evidence Sidgwick^*^'’ has formu- 
lated the following values for the covalence maxima of the elements: 
2 (four shared electrons) for hydrogen; 4 (eight shared electrons) for 
elements of the first short period, from lithium through fluorine; 6 
(twelve shared electrons) for elements of the second short period, from 
sodium through chlorine, and the first long period, from potassium 
through bromine; 8 (sixteen shared electrons) for atoms of higher atomic 
number. 

Electroaflanity of Hydrogen. It is important to recognize the singular 
position of hydrogen in the periodic table. The kernel of hydrogen is 
a bare proton, and as a result it has a higher effective nuclear charge than 
any other atomic kernel. The small mass and relatively large charge of 
the proton account for its extraordinary mobility and for its ability to 
penetrate the electronic shells of other atoms. Hydrogen acts as a 
strongly electronegative element through its tendency to acquin^ an 
additional electron and attain a stable group of two. It usually forms a 
single covalent bond but occasionally takes complete possession of an 
electron pair and forms the hydride anion. The apparent tendency 

H.+'.X H:X H-T-Na Na+[:H]“ 

Latimer and Rodebush, J. Am. Chem. Soc., 42 , 1419 (1920); Rodebush, Chem. Rev., 
6 , 509 (1928); 19 , 69 (1936); see, also, Lowry, J. Chem. Soc., 123 , 822 (1923); Huggins, 
J. Org. Chem., 1 , 407 (1936); Lassettre, Chem. Rev., 20 , 259 (1937). 
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of hydrogen to act as an electropositive atom, as in the ionization of 
acids, is due to its great mobility. The concentration of free protons in 
the aqueous solution of a strong acid is extremely minute, and the ioniza- 
tion of acids must be regarded as the transfer of a hydrogen nucleus from 
one molecule to another, thus forming a complex ion.^^ 

H 

H:X + H:0:H [HrOiH]"^ [:X]- 

There is also good physical and chemical evidence that an atom of 
hydrogen can hold two other atoms together, as in the bifluoride ion, 
[F-H-F]~. The association of hydroxylic compounds, and formation 
of chelate rings (p. 1637) in certain ori/io-substituted phenols and enolic 
forms of jS-diketones, are further examples of 2-covalent hydrogen. 
Originally it was assumed that 2-covalent hydrogen held a group of four 
shared electrons, but this conception has been shown to be quite un- 
likely on physical grounds. The 2-covalcnt state of hydrogen is attrib- 
uted to a condition of resonance between two structures, in the first of 
which the hydrogen is attached to one, and in the second to the other, of 
the two atoms which it holds together: A: H:B A:H :B. 

Resonance (p. 1857). The phenomenon of resonance arises when 
it is possible for a molecule to have two electronic structures with very 
nearly the same energy content, In this case neither electronic for- 
mula alone expresses the normal state of the molecule but instead a com- 
bination of both, with one perhaps more important than the other. 
The molecule can be regarded as having a structure intermediate be- 
tween the two (which cannot be expressed by the symbols of structural 
chemistry) and as achieving stability greater than that of either formula. 
As a result of resonance the molecule will show the properties of both 
structures, but in different degrees, and the form with the larger energy 
content will have the greater influence. 

In molecules that exhibit resonance the observed heat of formation 
is greater than the sum calculated from the heats of fonnation of the 
separate bonds, and the increased stability is interpreted as ^‘resonance 
energy. It is found also that the distances between the atoms linked 
in a resonating system are somewhat smaller than the normal. These 
effects may be illustrated with carbon dioxide, ^ ^ for which two different 
electronic formulas can be written. 

: 0=C=0 : and : 0 — C=6 : 

Pauling and collaborators, J. Am. Chem. Soc., 53 , 3226 (1931); 64 , 996, 3670 (1932); 
J. Chem. Phys., 1 , 362, 606, 679, 731 (1933). 

^*Sidgwick, “Ann. Repts. Chem. Soc. (London),'* 31 , 37 (1934). 
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Since the calculated heats of formation of the two forms are nearly the 
same (348 for the first and ca. 350 Cal. per mole for the second), the 
essential conditions for resonance are satisfied and it should occur. That 
it does so is indicated by these experimental data: the heat of forma- 
tion (380 Cal. per mole) is nearly 10 per cent greater than that calculated 
from the value for a carbonyl group in aldehydes and ketones, and the 
observed distance between the terminal oxygen atoms is more than 10 
per cent less than that calculated for either formula. 

The theory of resonance is important in organic chemistry in account- 
ing for the stability of systems which might be expected, on the basis of 
their structural formulas, to be more reactive than they actually are. 
Broad generalizations involving this general principle were developed 
by Ingold, ^ who has used the concept of tautomeric degeneracy (reso- 
nance) and mesomeric effects (resonance effects) with remarkable success 
in the correlation of molecular structure and chemical reactivity (p. 1680). 

The relatively low chemical activity of the carbonyl group of carbon 
dioxide, in comparison with aldehydes and ketones, offers an illustration 
of the influence of resonance effects on chemical behavior. Further 
examples are afforded by benzene (and aromatic systems in general), 
nitro compounds, carboxylic acids, esters, and anions derived from 
carboxylic acids or enolic forms of carbonyl compounds (see Table III, 

p. 1610). 

The phenomenon of resonance involves merely a fluctuation of 
electrons without change of any atomic nucleus and is not to be confused 
with dynamic isomerism (tautomerism), which requires the displacement 
of a proton. In resonance, the time of change (if a change is con- 
sidered to occur) is of the order of 10’“^^'’ second, but a mixture of two 
forms in tautomeric equilibrium would change very much more slowly. 

ELECTRONIC CONFIGURATIONS OF ORGANIC MOLECULES 

Derivation of Electronic Formulas. The electronic configurations 
of organic molecules containing only single bonds can be deduced directly 
from the traditional structural formulas merely by taking into account 
the number of valence electrons of the atoms concerned, the formation of 
electron pairs, and the tendency of the principal atoms (C,N,0,S, and the 
halogens) to form octets. However, double bonds of the conventional 
formulas may represent two different electronic systems : a true covalent 
double bond made up of four shared electrons or a coordinate link (semi- 
ionic double bond) of only two shared electrons. 

Where more than one electronic structure is possible, the normal 
structure may be chosen by using the rule of covalence maxima and the 
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principle of minimum residual charges formulated by Langmuir:^® 
“The residual charge on each atom and on each group of atoms tends to 
a minimum/^ For this purpose fractional residual charges arising from 
an unequal distribution of the electron pair of a covalent bond (inductive 
displacements, p. 1615) can be neglected and the approximate residual 
charge is given by the formula, E— + Fo), where E is the effective 
nuclear charge of the atom, F^ the number of electron pairs shared with 
other atoms (covalences), and Fo is the number of unshared electrons in 
its valence shell in the compound. In other words, if the sum of the 
covalences and the unshared electrons for an atom in a compound is 
greater or less than its effective nuclear charge, the atom bears a residual 
negative or positive charge. ^ ^ 

The use of these rules in deducing electronic formulas may be illus- 
trated with two typical compounds, acetone and nitromethane. In the 
case of acetone, four possible structures might be considered for the 
carbonyl group. Since only the first of these satisfies the octet rule and 
the principle of minimum residual charges, this one may be taken to 
represent the normal electronic structure. The others may be used to 
indicate activated states of the molecule arising from dynamic electronic 
displacements (electromeric effects, p. 1617). 
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The structure of the nitro compounds offers a more difficult prob- 
lem. The first formula leaves each atom with no residual charge but 
violates the octet rule. Although valence shells of more than eight 
electrons may occur with atoms beyond neon (atomic number, 10) 
there is strong evidence that the covalence maximum of four is never 
exceeded in atoms of the first period. In the second formula the 
octet rule is observed ; in this structure the nitrogen has a residual charge 
of +1, the coordinated oxygen —1, and the 2-covalent oxygen ±0. In 
the third structure the nitrogen has only a sextet of electrons; its 
residual atomic charge is +2 and that of each oxygen is — 1. Although 
it is possible that nitrogen may sometimes hold a stable group of six 
electrons, the principle of minimum residual charges indicates that the 
second formula will represent the normal state. Values of the electric 

Langmuir, Science, 64 , 69 (1921). 
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moments of aromatic nitro compounds point to a symmetrical structure 
for the nitro group, but this can be explained on the basis of a mobile 
pair of electrons shifting back and forth between two oxygen atoms 
(resonance). The situation is analogous to the oscillating double bonds 
in the Kekul6 formula for benzene. Problems of electronic configura- 
tions in organic molecules have been attacked from the physical side by 
various means, such as stereochemistry, spectroscopic data, heats of 
combustion, electric moments, ^ ^ and the parachor. ^ ^ 

Electronic Symbols. Owing to the complexity of expanded elec- 
tronic formulas for organic molecules, various conventions have been 
introduced to simplify the representation of organic structures on the 
basis of the electronic theory. The usual symbol for an atom is used 
to designate the atomic kernel, that is, the atom without its valence 
electrons. The traditional bond of organic chemistry, either expressed 
or implied, is used with a precise significance to indicate a shared elec- 
tron pair (covalence). A coordinate link, or semi-ionic double bond, 
may be shown by changing the covalent bond to an arrow pointing from 

the electron donor to the acceptor (A— >B) or by using the conventional 

+ — 

bond and indicating the resulting charges by plus and minus signs (A — B). 

Unshared electron pairs need not be designated explicitly, since their 
presence is sufficiently obvious from the number of covalent bonds if the 
valence shell of the atom is complete. An unpaired electron, in neutral 
atoms or free radicals, may be indicated by a small dot or by the symbol 
e (R- or R-c). Ions need no symbol beyond the usual + or — sign, 
but it is frequently convenient to use brackets [ ] to delimit a poly- 

atomic ion. The use of these conventions is illustrated by means of 
specific examples in the accompanying table. 

Ionic Links. It will be observed that the condensed electronic 
formulas differ from conventional structural formulas only when ionic 
or semi-ionic (coordinate) links are present. In the ammonium and 
diazonium compounds the fact that one of the valences of pentavalent 
nitrogen is an elect rovalence and differs from the other four is well 
established. Stereochemical evidence^® (p. 328) shows that the four 
covalences of nitrogen have a tetrahedral arrangement * but the group 

Smyth, “Dielectric Constant and Molecular Structure,” Chemical Catalog Co., 
New York (1931). 

Mills and Warren, J. Chem. <Soc., 127 , 2607 (1925) ; see Sidgwick (references 4 and 5) 
for a general discussion of the space distribution of covalences. 

* The tetrahedral arrangement appears to be the only space distribution for elements 
whose maximum covalence is four, and is the normal arrangement for many 4-covalent 
atoms of the higher periods (silicon, tin, phosphorus, arsenic, sulfur, selenium, tellurium, 
etc.). A plane arrangement appears to occur in 4-covalent nickel, palladium, and plati- 
num; an octahedral arrangement occurs in all the 6-covalent compounds that have been 
examined (aluminum, chromium, iron, cobalt, nickel, platinum, etc.). 
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held by the electrovalence does not have a fixed direction in space and 
is attracted electrostatically by the ammonium ion as a whole. 


TABLE II 


Electronic Configurations of Typical Organic Compounds 


Conventional 

Formula 

CH2=CH2 

Electronic Condensed Electronic 

Formula Formula 
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Since nitrogen cannot exceed a covalence of four it might be inferred 
that an ammonium base or salt could not exist in an undissociated form. 
This inference is correct only for the quaternary ammonium compounds, 
since an undissociated form can arise by the formation of a coordinate 
link involving 2-covalent hydrogen. unionized amine-hydrate 

may be produced by coordination of a covalent hydrogen of water with 

(CH3)3N: -b H— OH (CH3)3N->H— OH [(CH3)3N— H]+OH- 

Amine-hydrate 

the nitrogen atom of the amine. The stability of the undissociated 
form is due to the resonance effect associated with a hydrogen bond.* 
The tertiary phosphines, arsines, and stibines give rise to quaternary 
cations strictly analogous to the ammonium cation. In the oxonium 
and sulfonium compounds, oxygen and sulfur have a covalence of three 
and one electrovalence ; no compounds are known with more than three 
organic groups attached to oxygen or sulfur. Corresponding cations 
derived from the halogens occur only with iodine, in the diaryliodonium 
salts [CoHs—I— C gHsI+X-. 

Oxonium salts of the type [ROH 2 ]^X~ and [R20H]+X~ are much 
less stable than the corresponding ammonium compounds. The inter- 
action of an alcohol and a halogen acid can be represented by the follow- 
ing equilibrium, which is analogous to that of an amine and water: 

H 

R— OH + H— X R— 0-^H— X ^ [R— OH2]+X- 

Unionized Oxonium salt 

complex 


The most stable types of oxonium compounds are the cyclic structures 
derived from the pyrones. The enhanced stability of the pyrylium and 
pyroxonium salts may be attributed to an ability of the conjugated un- 
saturated system to dissipate the high residual charge on the oxygen 
atom by means of resonance effects. 
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HC CH 
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* The term “hydrogen bond” has been used frequently to indicate the unique bonding 
of 2-covalent hydrogen, but this expression is ambiguous and the term hydrogen- 
bridge” seems preferable; see Huggins, J. Org. Chem., 1, 409 (1936). 
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Organic anions occur commonly in the alkali metal salts of carboxylic 
acids, phenols and enolic forms of /3-dicarbonyl compounds, oximes, and 
acz-nitro compounds, and in the organornetallic compounds of the alkali 
metals. It will be observed that all these compounds give rise to 
structures in which the stability of the anion may be increased through 
resonance effects, and that the formation of simple ionized salts is re- 


TABLE III 

Resonating Structures of Organic Anions 

0 0 O O 5 O 

Ri — ^ — CH— C — R2 ^ Ri — — CH — — R2 Ri — C==CH — i!) — R2 

Enolate anion of a 3-diketone 


R—CH=N— O R— CH— N=0 


Oximate anion 


R— CH=N 


/O 

\o 


R— CH— NC 

N) 


act-Nitro anion 



Benzyl anion 


; ^ 
o-Quinonoid form 



p-Quinonoid form 


stricted largely to the alkali metals. Organic derivatives of the less 
active metals (such as beryllium, magnesium, and zinc) show a marked 
tendency to form coordination complexes of the Grignard type or to 
produce chelate ring structures (p. 1637) by intramolecular coordination. 

Expanded Valence Shells. Although valence shells of groups of ten or 
twelve electrons may occur with elements of higher atomic number, 
experimental evidence indicates that the elements lying between helium 
and neon cannot expand their valence shells beyond an octet. The 
hypothesis that the (‘lements in the first period do not expand their 
valence octets, even in the transitory coordination complexes that arise 
in the course of chemical reactions, is of considerable value in correlat- 
ing the reactivity of atoms with their position in the periodic table. 

All efforts to obtain derivatives of 5-covalent nitrogen have been 
unsuccessful. Nitrogen compounds containing five hydrocarbon groups, 
such as tetramethylammoniurn benzyl, were prepared by Schlenk ^ ® and 
found to behave as ionized salts, [(CH 3 ) 4 N]'’"[: R]- (p. 444). Attempts 
to obtain compounds with five simple alkyl groups attached to nitrogen, 
by the interaction of quaternary ammonium halides and metal alkyls, 
were also fruitless. The products of the reactions indicate that the 

Schlenk and Holtz, Ber., 49, 603 (1916); 60, 274 (1917). 

Marvel and collaborators, J. Am. Chem. Soc., 48 , 2689 (1926); 49 , 2323 (1927); 
51, 3496 (1929): 52, 376 (1930). 
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alkyl group derived from the metal alkyl does not enter the valence shell 
of the nitrogen atom. Similar experiments with quaternary halides of 
the phosphonium and arsonium type indicate that even these atoms do 
not expand their valence shells beyond an octc't to hold a fifth alkyl 
group (pp. 351-52). However, the existence of 5-covalent halides of the 
type R 3 PCI 2 and RAsCU shows that these atoms can hold a group of 
ten electrons (decet) when attached to highly electronegative elements. 

The marked difference in the mode of decomposition of the quater- 
nary ammonium bases from that of the corresponding phosphonium, 
arsonium, and stibonium bases can be accounted for by the assumption 
that nitrogen is unable to hold a decet of electrons, even as an unstable 
intermediate state in the course of reaction. 


1{C2H6)8N— CH 2 — CHal-^lOH]- (C2H5)3N— CH 2 — CH 2 — H<-OH 

-> (C2H5)3N— CH 2 — CH/. + H— OH (C2H5)3N; + CH 2 =CH 2 + H— OH 

Olefinic Decomposition 

/CH 2 — CH 3 

[(C2H08P~-CHr~CH3l-" [OH]' - (C2H5)3P/ 

\OH 

/CH 2 — CHa + _ 

(C 2 H 6 )aP<: (C 2 HO 3 P— O + CHa— CHs 

N>~H 

Paraffinic Decomposition 


In a quaternary ammonimn base the 4-co valent nitrogen cannot furnish 
a seat for the donor reagent (hydroxyl ion), and tlie attack occurs through 
acceptor activity conferred upon a hydrogen atom in the 5e^a-position of 
one of the alkyl groups. Elimination of water leaves the carbon in the 
beta-position with an unshared electron pair and a high residual negative 
charge; the unshared electron pair is drawn toward the center of high 
positive charge, and the system breaks up into two more stable configura- 
tions, a tertiary amine and an olefin. In the quaternary phosphonium 
base the central atom is able, by expanding its valence shell, to act as an 
acceptor for the hydroxyl ion. Subsequent transformations of this 
complex result from the tendency of the central atom to revert to an 
octet. Expulsion of the hydroxyl ion merely reverses the original co- 
ordination, but the combination of an incipient alkyl anion with a proton 
from the hydroxyl group within the complex gives an irreversible decom- 
position into the tertiary phosphine-oxide and a paraffin. 

Typical elements of the sixth group (sulfur, selenium, and tellurium) 

Ingold and collaborators, J. Chem, Soc„ 997 ( 1927 ); 3125 , 3127 ( 1928 ); 2338 , 2342 
2367 (1929); 706, 708, 713 (1930). Cf. “Ann. Repts. Chem. Soc. (London),” 27, 143 ( 1930 ). 



1612 


ORGANIC CHEMISTRY 


form ionized salts of the type [RaStj+X^ and show little tendency to 
expand the valence shell to a group of ten. In general, the formation of 
an expanded valence shell occurs more readily with atoms of higher 
atomic number, and a group of twelve appears to be more stable than a 

decet. Tellurium, for example, forms a complex anion [CH 3 — Tel 4 ]~, 
in which it has five covalent bonds and an unshared electron pair. Al- 
though an expanded valence shell of ten or twelve electrons might occur 
in organic derivatives of sulfur (sulfinic acids, sulfoxides, sulfonic acids, 
sulfones, etc.), there is definite evidence from measurements of para- 


0 0 0 0 



I II III IV 

Sulfinic derivatives Sulfonic derivatives 


chors^^ and dipole moments that the octet structures (II and IV) 
represent the true configurations in these compounds. 

The cleavage of sulfones by alkalies^ ^ gives evidence of the reluc- 
tance of sulfur to expand its valence shell, but indicates that it can do so 
under favorable conditions. The dialkyl sulfones yield an olefin and an 
alkyl sulfinate; this reaction indicates the direct removal of a proton 
from the bcto-position and is strictly analogous to the decomposition of 
quaternary ammonium hydroxides. In the diaryl sulfones the olefinic 
decomposition is inhibited and the reaction is analogous to that of 
quaternary phosphonium hydroxides, which involves a temporary ex- 
pansion of the valence shell. 
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Covalent organic halides in which a halogen atom exerts a cova- 
lence greater than one appear to occur only with iodine, and particularly 
in the aryl iodides. At low temperatures methyl iodide forms a solid 
dichloride, CH3 — ICI2, which decomposes into methyl chloride and 
iodine monochloride on warming to — 30®. The unsaturated alkyl 
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iodides and aryl iodides form much more stable dichlorides, and the aryl 

gQO 

ch 3— I + CI2 ^ CH3— i^ci— Cl i-ci + eH3— Cl 

CeHs-I + CI 2 CoHs— I^Cl— Cl > [C 0 H 5 -I— Cl]+ Cl" 

compounds yield a series of derivatives containing 2 -covalent iodine 
(iodosobenzene and diphenyliodonium salts) and 3-covalent iodine 
(iodoxybenzene). 

The formation of the 2- and 3-covalent iodine compounds and their 
unusual reactions* can be interpreted upon the assumption that iodine 
in the link I-Aryl is capable of holding temporarily a decet of electrons 
but shows a strong tendency to revert to an octet. The structures of 
the stable derivatives involve only valence octets. A similar mechanism 
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Diphenyliodonium salt 


may be applied to certain reactions of the alkyl halides, and particularly 
to anomalous reactions of the iodides, since the tendency to expand the 
valence shell follows the sequence: iodine > bromine > chlorine. 

CLASSIFICATION OF ELECTRON DISPLACEMENTS 

In the development of current theories dealing with the electronic 
mechanism of organic reactions by Robinson^ and by Ingold, ^ the 
activation of a molecule is considered to arise largely through active or 
incipient electron displacements leading to the development of a center 
of high or low electron density. Chemical change is pictured as an 

* For a discussion of reactions of the iodoxy group ( — 10 2 ) see Masson, Race, and 
Pounder, J, Chem. Soc., 1669 (1935). 
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electrical transaction, and molecules are considered to react by virtue of 
a constitutional affinity either for electrons (electrophiles) or for atomic 
nuclei (nucleophiles). When an electron-seeking reagent attacks some 
center in an organic molecule, reaction will take place if the center is 
able to supply electrons to the requisite extent; the development of a 
critical electron density at the site of reaction is an essential feature of 
the development of the energy of activation. Thus, the mechanism of 
supplying electrons to the reaction zone becomes the main considera- 
tion; the more readily the necessary electron density can be furnished, 
the more the reaction will be facilitated. For a nucleophilic reagent the 
primary necessity is a center of low electron density at the site of re- 
action, and groups which withdraw electrons from the reaction zone 
will facilitate the reaction. 

The molecular model which serves as a basis for the modern elec- 
trochemical (electronic) theories of reactions is one that visualizes a 
space distribution of atomic nuclei and electrons (as point charges) 
maintained by elastic forces about fixed relative positions.^ This sim- 
ple picture has been elaborated, to the dismay and confusion of many 
organic chemists, by the introduction of wave mechanical ideas of a 
continuous statistical distribution of electron density, of quantized 
states, and of resonance (degeneracy). However, the more compli- 
cated picture has served, on the whole, merely to correlate and place 
upon a more definite physical basis a variety of phenomena that were 
long recognized by organic chemists. 

The simpler or the more complex picture leads to the view that the 
electrical specification of a molecule requires a knowledge of two kinds 
of electrical quantities. These are concerned with the positions and the 
mobility of the charges, that is, with the state of polarization of the 
system and with its polarizability. Polarizability represents an in- 
trinsic susceptibility to polarization, a deformability, which becomes 
operative under the influence of the environment. 

The extent to which a given group in an organic molecule can con- 
tribute to the activation for reaction involves considerations of the 
polarization and the polarizability of the group, and of the electrical 
requirements for the particular reaction. The general acceptance of 
electronic theories by organic chemists has been delayed by the use of ill- 
defined conceptions of ‘^polarity,^^ “electron attraction,” and “relative 
electronegativities ” (p. 850) along with an insufficient appreciation of 
the duplex mechanism of activation and of the contribution of the 
environment (reagents, solvent media, catalysts, etc.). The circum- 
stance that various reactions, intended to measure relative polarity ” 
or ^‘electronegativity,” do not place groups in an identical sequence is 
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to be expected: polarization and polarizability are independent vari- 
ables, and their relative contributions vary with the nature of the reac- 
tion and of the environment. ^ 

The activation of a molecule is considered to involve two forms of 
electron displacement. Inductive displacements, designated as I 
effects, arise mainly from an unequal extent of sharing of the electron 
pair of a covalent bond and affect the state of polarization of the atoms 
in the link; these effects represent a relatively permanent condition of 
the molecule. Electromeric (dynamic) displacements, designated as 
T or E effects, are associated with unshared electron pairs or multiple 
covalent bonds and concern primarily the polarizability of the structure; 
electromeric effects are much more time-variable than inductive effects. 

Ingold’s elaboration of the theory has led to the postulation of four 
polar effects, as indicated in the following scheme: 



Electrical Classification 

Electronic Mechanism * 

Polarization 

(permanent) 

Polarizability 

(dynamic) 

General inductive (/) 
symbol — ^ 

Inductive (/g) 

Inductomeric (Id) 

Tautomeric (T) 
symbol 

Mesomeric (M) 

Electromeric (E) 


♦ The notations and Id were not used by Ingold but arc introduced here to avoid ambigiiity 
in referring to this scheme. 


In the present state of the knowledge concerning polar effects, the 
validity of this analysis or its practical utility is not unquestioned. It 
is convenient, frequently, to indicate the general mechanisms (/ and T 
effects) without further reference to permanent or dynamic factors. 

The following paragraphs are devoted to definitions of the terms 
used currently in the application of the theory of electron displacements 
in organic reactions. It is essential to have a clear conception of the 
precise meaning of the terms, and to recognize the significance and the 
limitations of the different electronic effects. Furthermore, two differ- 
ent effects may be present in the same bond and they may reinforce or 
oppose each other. In the system C — OH, there is an inductive dis- 
placement toward the hydroxyl group and an electromeric effect in the 
opposite direction. Each effect can act independently and the contri- 
bution in a given reaction requires a consideration of several factors, 
especially, the electrical demand of the reagent. 
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General Inductive Effects. Lewis pointed out that the electron 
pair of a covalent bond may be shared by the two atomic kernels in such 
a way that there is no 'permanent polarization (as in the symmetrical 
links, H3C— CH3, H2N— NH2, and Cl— Cl), or the binding pair may be 
shifted toward one atom so as to give that atom a fractional negative 
charge and the other atom a corresponding positive charge (as in the 
unsymmetrical bonds, H3C — NH2, H3C — OH, H3C — Cl). The term 
inductive effect is used to designate a permanent displacement (polar- 
ization) in which the electron pair remains within the valence shell of 
both atoms. This displacement is restricted by the fundamental 
principle requiring the maintenance of stable electronic configurations 
(especially the octet rule) and is not regarded as sufficient in itself to 
produce a reactive^ molecule. Inductive effects are considered to act 
largely through enhancing or restraining electromeric effects. Experi- 
mental evidence indicates that / effects diminish rapidly in a saturated 
chain and become negligible beyond two or three atoms. 

The direction of inductive effects is considered usually in a relative 
sense with reference to hydrogen^ that is, from the standpoint of relative 
influences of substituents in a given system. A group X would be con- 
sidered to exert an effect of electron release in the compound X — CR3 
if the electron density in the residue — CR3 were greater in this com- 
pound than in H — CR3. Similarly, the group Y is classified as electron- 

X-^-CRa H— CR3 Y-^CRs 

— / effect Reference +/ effect 

(Electron release) standard (Electron attraction) 

attracting in Y — CR3, if the electron density in — CR3 is less in this 
compound than in H — CR3. Electron release is distinguished by a 
negative sign and electron attraction by a positive sign, so that they may 
be indicated by the symbols — / and + I (Robinson).* In structural 
formulas the direction of electronic displacement may be indicated by 
an arrow head placed at the center of the bond (not to be confused with 
the symbol for a coordinate link). 

Owing to the use of an arbitrary reference standard, an effect of 
electron release relative to hydrogen does not imply that the group X 
necessarily becomes the positive end of an electrical dipole, nor that the 
atoms in the link X — C bear residual atomic charges of opposite sign 
(^^alternating polarity''). Likewise, electron attraction relative to 

* In the present discussion the signs attached to I and E effects are the reverse of 
those employed by Ingold, although the directions of the effects are considered to be the 
same. The signs used by Ingold indicate the effect of the displacement upon the groups 
X or Y, rather than upon — CRa. 
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hydrogen does not imply that the group Y becomes the negative end of 
a dipole. This is shown by a consideration of some specific examples. 

r. 5“ 5+ + 5+ 

:0~>-CR3 :C1-^CR3 H3N-4-CR3 

• • • • 

In an alkoxide anion the strong — I effect of the anionic center results 
in the transfer of a small fractional negative charge (symbol 5-) to the 
attached carbon atom, and in the alkylammonium cation the strong 
+ / effect of the cationic center leaves the attached carbon with a small 
residual positive charge (symbol 6+).* In both cases the sign of the 
induced charge is the same as that of the polar group itself. With an 
electrically neutral substituent such as chlorine, the + I effect of the 
halogen atom does actually create an electrical dipole, and the atoms in 
this link bear fractional charges of opposite sign. 

A summary based upon Ingold^s classification of the inductive effects 
of a number of organic groups, and their relative magnitudes, is given in 
Table IV. 

TABLE IV 
Inductive Effects 
Electron release (—7) 

— NR> — 0> — S> — Se 

— Li> — MgX> — ZnX> — CdX> — HgX 
— A1R2!> — SiR3> — SnRs > — PbRj 

— €(CH3),> — ch(ch3)2> — cHo— ch3> —cUz 

Electron attraction (-h/) 

+ + + + + + 

— 0R2>— NR3>— PR3>— AsRs --NR3> — NRo; — 0R2> -OR 

+ 4- + 

~~0R2 > — SR 2 > — SeR 2 — F > —OR > — NR 2 

+ 

— NRa > — NO 2 > — ASO 3 H 2 — F > —Cl > — Br > —I 

— SO 2 — R> — SO— R; — SO 2 — R> —SOr — C=C— R> — CR=CR 2 

Electromeric Effects. Tautomeric displacements occur in systems 
containing double bonds or triple bonds, and in single bonds containing 
an atom that holds an unshared electron pair. In the first case, one 

R— CH=^ R— C^N CgHs^Hs CoHs^H 

Dynamic electron withdrawal Dynamic electron release 

(-\-E or +T effect) {—E or —T effect) 

* To avoid confusion the symbols -j- and — must be restricted to the designation of 
integral charges of ions or ionic centers. The symbols S-f- and 5— are used to indicate 
fractional charges acquired through electron displacements. 
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atom tends to withdraw an electron pair from the multiple link and 
create an electronic deficit in the valence shell of the other atom. In 
the second, an unshared electron pair is released toward the adjacent 
atom so that the covalence of the link tends to increase. 

The symbol R — CH =0 implies that to some unknown extent the 
electrons of the double bond are breaking away from the carbon atom 
and remaining attached to oxygen. The situation may be pictured 
from the standpoint of electronic configurations in the following way: 




R-CII=0 r_CH=^ R-CH-0: 

Normal state * ^ Activated state 

The symbol C0H5 — OH implies that an electron pair of the oxygen atom 
can be available for the formation of a double bond with the adjacent 
carbon atom. Owing to the inability of carbon to expand its valence 
shell, the effect of electron release by oxygen can occur only in the course 
of a process involving the simultaneous release of an electron pair by the 
carbon atom. In the case of phenol, the —T effect of the hydroxyl 
group will facilitate the development of a center of high electron dens- 
ity (donor center), at an ortho- or pam-position of the benzene ring. 

or//io-Activation para-Activation 

Consequently the — T effect will facilitate attack of the aromatic 
nucleus, at an ortho- or pam-position, by an electron-seeking reagent. 
The — I effect in the link C — OH does not contribute directly to 
this kind of reaction since it diminishes the electron density in the 
aromatic nucleus; it can serve merely to increase the proton-escaping 
tendency of C — H bonds in the aromatic system. The effects of sub- 
stituents such as — NH2 and halogens are similar qualitatively to the 
— OH group. 

Electromeric displacements of either sign (+T and — T effects) 
will tend to be restrained by the opposing influence of the electrical 
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charges that arise concurrently, but other restrictions are more impor- 
tant. Electron withdrawal { + T) is held back mainly by the restoring 
force of the unstable electronic configuration (open sextet) of the 
deficient atom. Electron release ( — T) is reversed by the opposing +T 
effect of the double bond which it creates, but the tnain consideration 
is the ability of the attached atom to transmit the effect through one or 
more multiple bonds (as in phenol or aniline). Even if the attached 
atom is capable of expanding its valence shell beyond an octet, which is 
possible for atoms beyond neon (see covalence maxima, p. 1603), the rela- 
tively unstable configuration of the expanded shell will have a strong 
opposing influence. Consequently, electromeric effects reprevsent mainly 
an inherent ability of the system to undergo an effective electron dis- 
placement under the influence of an external polar center. 

TABLE V 

Electromeric Polarizabilities (Ingold) 

— E (Electron release) 

— + 

— 0 — OR — OR 2 j etc. 

— NR 2 !> — OR!> — Fj etc. 

— 1> — Br> — Cl> — F; — SCN; etc. 

-\-E (Electron withdrawal) 

+ 

— C==NR 2 > — C==NRj etc. 

— C=0 — C=NRj etc. _ 

— COR> — COCl> — C02R> — CO— NR 2 > — CO 2 ; 

ztE type 

-_C==C; — C==C— C=C; — CeH*; etc. 

Polarizability effects are concerned with the mobility of the elec- 
tronic system and are considered to have greater time- variability than 
inductive effects. Since chemical reaction is assumed to occur only in 
molecules in an exceptional (activated) state, the momentary surge of 
electron density associated with the dynamic effects is intimately 
bound up with the process of activation (p. 1631). The dynamic com- 
ponents (Id and E) are considered to be capable of giving a direct 
impetus to one course of reaction but incapable of exerting a direct 
opposition to an alternative course. 

Mesomeric Polarization (Resonance Effects). There is physical 
evidence that molecules containing two appropriately disposed electro- 
meric systems of opposite types form a molecular dipole. The resulting 
internal compensation of the dynamic effects of electron release and elec- 
tron withdrawal leads to a diminished activity of the system toward 
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external donor and acceptor reagents. In the system illustrated, the 
permanent polarization reduces the basic strength of the amino group 
and depresses the reactivity of the carbonyl group. Robinson, begin- 
ning in 1926, developed a number of generalizations pertaining to struc- 

R 2 N— CH=CH— CH=0 ^ R 2 N=CH— CH=CH— 0 

tures of this kind, which were classified later as “ polyenoid,^^ hetero- 
enoid,'^ katio-enoid,’^ and neutralized '' systems.® Examples of 
these structures and their characteric behavior are discussed later 
(Polyfunctional Electromeric Systems, pp. 1679-1698). 

A conception of “ electronic strain, which is essentially the same as 
the resonance principle, was adumbrated by C. K. Ingold and E. H. 
Ingold in 1926. In its subsequent development the terms ^‘mesomer- 
ism^^ and ‘‘tautomeric degeneracy^' were introduced, and the permanent 
state of polarization associated with electromeric effects was designated 
as a rnersomeric effect (symbol M). 

The magnitude of the mesomeric effect in a given system such as 
(I) will depend upon the relative stability of the alternative structure 
(ii). Mesomeric polarization of (I) requires that X increase its 
covalence by one unit and acquire a cationic charge, and the opposite 
change for Y. The presence of preexisting electrical charges on X or Y 

X^C=5>^C:^ ^ X=C— C=C— Y 
I II 

will have an important influence. Electron release by X will be facili- 
tated by a negative charge, and suppressed by a positive charge. Obvi- 
ously, electron withdrawal by Y will be influenced in the opposite way 
by electrical charges 

TABLE VI 
Mesomeric Effects 
-M effect of X 

{Electron release and increase of covalence) 

— CR2> — nr> — o 

— NR> — NR 2 J — 0> — OR > — OR 2 J — S> — SR> — SRa 

— NR 2 > — 0R> — F; — «R> —OR; — 1> — Br> — Cl>— F 

4-Af effect of Y 

{Electron attraction and decrease of covalence) 

+ 

=NR 2 > =NR; =S> =0 (e.g. in — C=S and — C=0) 

=0> =NR> =CR 2 (e.g. in — C=0, — C=NR and — N=0, — N=NR) 

=N (e.g., in — C=N and — N=N) 



ELECTRONIC THEORY 


1621 


Laductomeric Polarizability. In 1933 Ingold introduced the term 
inductomeric polarizability to designate a polarizability effect arising in 
single bonds during the course of reaction by an inductive mechanism, 
that is, a polarizability effect associated with changes in the sharing of 
the bonding electron-pair under the influence of a reagent. This con- 
cept is the counterpart of the idea of a permanent polarization associated 
with an elcctromeric displacement (mesomeric effect). 

Polarizability effects are due to the deformability of one molecular 
system under the influence of the polarizing field (polarization) of 
another. Thus, the close approach of an external polar center may alter 
the normal distribution of the electron pair of a covalent bond through 
the deforming action of its polarizing field. The response of a given 
system to this effect will depend upon the polarizability of its members 
(see Bond Polarizabilities, p. 1626). 

S-h 8- 

A-f-B [X]“ A— fB 

Normal (resting) state Dynamic response to reagent 

The contribution of inductive polarizability effects is of particular 
significance in the alkyl groups. These groups merely exert the polar 
effects which are impressed upon them by other groups in the molecule. 
The general inductive effect (relative to hydrogen) of CHs — , and all 
saturated alkyl groups, is zero if the comparison is made between 
CH3 — CH3 and CH3 — H; but CH3 — exerts a weak effect of electron 
release (-/) if CH3— CO2H and H— COoH, or CH3— CgHs and 
H — C0H5, are compared. Since the common organic substituents 
( — NH2, — OH, halogens, etc.) have a stronger attraction for electrons 
than do alkyl groups, the latter will usually exert an effect of electron 
release. In combinations with groups of lower electron attraction, the 
opposite effect may be expected. 

Alkyl groups are more polarizable than hydrogen, and in the course 
of reactions one may expect this property to result in a dynamic effect 
such as CH3 — relative to H — C. Ingold makes this statement:^ 
It is provisionally assumed that an inductomeric polarizability is the 
same for both directions; this would surely hold for small electron dis- 
placements, but it is unlikely to be more than roughly true for displace- 
ments of the magnitude of those which occur during reactions. Ingold^s 
classification of the inductomeric polarizabilities of typical substituents 
is presented in the following tabulation.* 

♦ For Fajans’ generalizations relating to deformation and deformabilitiea of ions, see 
p. 1656. The “deformation rules “ of Fajans may be used qualitatively to estimate the 
relative tendency of covalent bonds to undergo ionization under comparable conditions, 
and also to estimate the relative stability of organic ions. 
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zt Inductomeric Polarizabilities 

“ + + 

— 0> — OR> — ORaj — NR 2 > — NRsj etc. 

— CRs^ — NR 2 ^ — OR!> — Fj etc. 

— 1> — Br> — Cl> — F; etc. 

— CR8> — CHR 2 > — CH 2 R> — CHa; — CH8> — H; etc. 

It is evident that there are certain special types of organic reactions 
which cannot be dealt with adequately on the basis of the four electronic 
effects outlined in the preceding paragraphs. When a reaction involves 
redistribution of atomic nuclei among themselves (tautomerism, and 
intramolecular rearrangements), the introduction of additional special 
principles is required. Furthermore, the two mechanisms of electronic 
displacement have been considered from the standpoint that all the 
electrons are paired and cannot be applied without extension to mole- 
cules that contain an unpaired electron (free radicals). However, the 
marked tendency of unpaired electrons to form pairs (rule of two) and 
the anomalous properties of systems containing an unpaired electron 
(odd molecules) justify the assumption that the most characteristic 
reactions of covalent bonds involve retention of the binding pair by one 
atom of the link rather than fission into free radicals. The formation of 
free radicals and the interpretation of their chemical behavior will be 
considered elsewhere (p. 495 and pp. 1698-1704). 

POLAR CHARACTERISTICS OF COVALENT BONDS 

Residual Charges, In a symmetrical covalent link, A — A or B — B, 
the binding pair of electrons is distributed equally between the two 
atomic kernels, so that in the normal or resting state there is no perma- 
nent polarization of the link. In an unsymmetrical covalent link A — B, 
the electron pair may be shifted toward one atom and away from the 
other, so that A and B acquire fractional charges (Sdz) and an electrical 
dipole is created. From estimations of the dipole moments of individual 
links and of the distances between the atomic nuclei, Sidgwick^ has 
calculated the approximate extent of this displacement, or the inequality 
of sharing of the electron pair, in a number of the common covalent 
links. These values are shown in Table VII, where the links are written 
with the positive end of the dipole at the left, and the symbol 
expresses the residual charge as a fraction of the charge of an electron 
(4.77 X 10*"^^ electrostatic unit). 

The fact that atoms of a covalent bond bear fractional charges does 
not mean that there is no essential distinction between a covalent and 
an ionic bond, nor does it imply that a covalent molecule A — B exists 
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TABLE VIT 

Residual Charges in Covalent Links (Sidgwick) 


Link 

5+ 6- 

Moment 
(AE X d) 

Intemuclear 
Distance d, in 
Angstrom Units 

AE in 
Electro- 
static Units 

Electron 
Charge Units 


H—C 

0.2 

1.14 

0.18 

0.04 

H— N 

1.3 

1.08 

] .2 

0.25 

H— 0 

1.6 

1.07 

1.5 

0.31 

H— F 

1.8 

1.0 

1.8 

0.4 

H— P 

0.55 

1.24 

0.44 

0.1 

H-S 

0.8 

1.43 

0.6 

0.13 


1.03 

1.27 

0.81 

0.17 

H— Br 

0.78 

1.41 

0.55 

0.12 

H— I 

0.38 

1.61 

0.24 

0.05 

C— N 

0.4 

1.48 

0.3 

0.06 

C-N 

3.3 

1.15 

2.9 

0.61 

c— o 

0.9 

1.47 

0.6 

0.13 

c=o 

2.5 

1.27 

j 2.0 

0.42 

c— s 

1.2 

1.83 

! 0.7 

0.15 

c==s 

3.0 

1.59 

1.9 

0.40 

C— F 

1.5 

1.45 

1.03 

0.22 

C— Cl 

1.7 

1.74 

1.0 

0.21 

C— Br 

1.6 

1.90 

0.8 

0.17 

C— I 

1.4 

2.12 

0.7 

0.15 

N-U 

0 5 

1.41 

0.4 

0.08 

N==0 

1.9 

1.21 

1.6 

0.34 


in equilibrium with the ion pairs [A+][B“] and [A~][B+]. Theoretical 
considerations and experimental evidence support the view that in the 
great majority of links the bond will be due almost entirely to electron 
sharing (covalence), or to electrostatic forces (electro valence). In 
typical single covalent links the inequality of sharing of the electron 
pair does not usually exceed 20 per cent (6 ± 0.2), and in typical ionic 
links the reduction in dipole moment resulting from mutual deformation 
of the ions is usually less than 20 per cent. 

It is theoretically possible that in certain rare cases the contributions 
of the two kinds of valence forces may be nearly equal. If this con- 
dition occurred the molecule would be expected to achieve a stability 
greater than that of either state alone, due to the resonance energy 
of the fluctuation.^^ Unambiguous illustrations of resonance in single 
bond structures are difficult to find, and in most of the alleged examples 
other explanations, consistent with the notion of two distinct kinds of 
bonds, can be adduced. 
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Bond Energies. Thermochemical data show that an energy change 
is usually associated with the conversion of two symmetrical covalent 
molecules A — A and B — B into two uns5Tnmetrical molecules A — B. 
T his change may be considered to parallel the creation of a dipole in the 
molecule A — B. Pauling has shown that the bond energy of an unsym- 
metrical molecule A — B, that is, the amount of energy which must be 
put into the bond to break the gaseous molecule into the gaseous atoms 
or radicals A • and • B, is usually larger than half the sum of the bond 
energies for A — A and B— B. The actual bond energies for unsym- 
metrical bonds, from experimental determinations, are either equal to 
or greater than the theoretical values predicted from strict additivity 
(Table VIII). The difference AH, which represents the excess of the 

TABLE VIII 

Residual Bond Energies and Residual Charges 
Standard Bond Energies of Symmetrical Bonds (Pauling) 

(No residual charges) 


\ 

1 

1 

Covalent 1 
Bond 

Bond Energy 

Covalent 

Bond 

Bond Energy 

In Volt 
Electrons 

In Kg. Cal 
per Mole 

In Volt 
Electrons 

In Kg. Cal 
per Mole 

H— H 

4.44 

102.4 

1 F— F 

2.80 

64.6 

C— C 

3.65 

84.1 

Cl— Cl 

2.468 

56.90 

N— N 

1.44 

33 2 

Br — Br 

1.962 

45.23 

0—0 

1.49 

34.4 

I— I 

1.535 

35.39 


Residual Bond Energies and Charges in Unsymmetrical Bonds 



Bond PJnergy (in Volt Electrons) 




Bond 

Actual 

Predicted 

AH 

AZ 


H— C 

4.32 

4.04 

0.28 

0 

0.04 

H— N 

3.89 

2.94 

0.95 

+0.67 

0.29 

H— 0 1 

4.75 

2.99 

1.76 

1.48 

0.31 

H— F 1 

6.39 

3.62 

2.77 

2.49 

0.4 

H— Cl 

4.38 

3.45 

0.93 

0.65 

0.17 

H— Br 

3.74 

3.20 

0.54 

0.26 

0.12 

H— I 

3.07 

2.99 

0.08 

-0.24 

0.05 

C— N 

2.95 

2.55 

0.40 

+0.12 

0.06 

C— 0 

3.55 

2.57 

0.98 

0.70 

0.13 

C— F 

5.40 

3.22 

2.18 

1.90 

0.22 

C— Cl 

3.41 

3.06 

0.35 

0.07 

0.21 

C— Br 

2.83 

2.82 

0.01 

-0.27 

0.17 

C— I 

2.45 

2 59 

(-0.14) 

-0.42 

0.16 
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actual bond energy over the predicted value, will be greater as the 
residual charge of the bond increases, but there is no simple relationship 
between the two effects. 

Since the H — C link is usually taken as a reference standard for the 
evaluation of other links in organic molecules, it is of interest to examine 
the values obtained by subtracting the A// for H — C from those for 
the bonds H — A and C — A, These figures are given in the table under 
the heading AZ, and are placed alongside Sidgwick’s values for the 
residual charges in the links. 

An examination of the figures for residual bond energies, or for 
residual charges, shows clearly that neither represents the relative reac- 
tivity of the links and that these data must be used with great care in 
the interpretation of chemical reactions. Thus, the relative reactivity 
of the links C — X toward various reagents decreases in the order 
C — I > C — Br > C — Cl » C — F, whereas the residual bond energies 
or charges decrease in the opposite order. Sidgwick has pointed out 
that the tendency of hydrogen to become 2-covalent changes in precisely 
the same way as the residual charges, H— F > H — 0 > H — N » H — C, 
although it is recognized that this property is influenced by other fac- 
tors also. 

By the use of the AH values Pauling has assigned atoms to positions 
on a map representing relative degree of electronegativity, according to 
the equation Aab — (xa — Xb)‘^, where xa and xb represent the coordi- 
nates of atoms A and B on the map. The scale of electronegativity as 
defined in this way is not analogous to the electron affinities of atoms 


TABLE IX 

Coordinates of Elements on Pauling’s 
Electronegativity Scale 


H 

P 

I 

s 

C 

Br 

Cl 

N 

0 

F 

0.00 

0.10 

0.40 

0.43 

0.55 

0.75 

0.94 

0.95 

1.40 

2.00 


but is closely akin to the intuitive notion of electronegativity as it is 
employed by organic chemists, for example, to indicate the relative 
tendency of atoms or groups to retain the binding pair of electrons 
when a covalent link is broken in the course of reaction. 

Bond Polarizabilities. The rupture of a covalent bond in the course 
of reaction involves factors other than the extent of polarization in the 
normal state. The presence of permanent residual charges has an 
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orienting influence, but the main consideration is the extent to which 
the atoms of the bond are capable of undergoing a temporary polariza- 
tion under the influence of polar centers of the reagent, that is, the 
polarizability of the bond. 

The relative polarizability of covalent bonds depends primarily 
upon the relative mobility of electrons within the systems, and can be 
deduced from ref ractivi ties. Since the refraction of light in the visible 
region is due to the displacement of electrons and not atomic nuclei, 
it is possible to assign constants to groups of electrons rather than to 
atoms. Detailed analyses of molecular refractions by Fajans and 
Knoor^^ and by Smyth have led to bond refractivities (symbol Pe)j 
and from these values the bond polarizabilities (symbol a) can be cal- 
culated. Since the bond refractivities and bond polarizabilities have a 
linear relationship {PE = ^TrNa)y the former may be used directly for 
the comparison of bond polarizabilities. The polarizabilities of some 
typical bonds are shown in Table X, in which the Pe values given for 
systems containing unshared electron pairs include the contribution 
of the unshared pairs. 

TABLE X 
Bond Refractivities 


Bond 

Pe 

Bond 

Pe 

Bond 

Pb 

H— C 

1.70 

C— C 

1.21 

C=C 

4.16 

H— N 

1.8 

C--N 

1.55 

C=C 

6.02 

H— 0 

1.86 

C— 0 

1.43 

C=0 

3.42 

H~F 

1.9 

C-F 

1.6 

F- 

2.4 

H— Cl 

6.67 

C— Cl 

6.67 

ci- 

9.0 

H— Br 

9.14 

C— Br 

9.47 

Br- 

12.6 

H~I 

13.74 

C— I 

1 

14.50 

I- 

19.0 


The effect of electrical charges on electron mobility is shown by 
comparison of the hydrogen halides and the corresponding halide anions; 
further illustration is afforded by the series [OH]~, H 2 O, and [HaO]"^, 
where the refractivities are 5.1, 3.76, and 3.0, respectively. The influ- 
ence of multiple bonds is indicated by comparing C — C with C=C and 
C^C; the refractivity of the double bond is 2.075 per electron pair, 
the triple bond 2.01 per electron pair, and the single bond 1.21. This 
indicates that the double bond is almost twice as easily polarized as a 
single bond, but differs very little from a triple bond in its polariz- 


Fajans and Knoor, Ber., 69 , 266 (1926). 
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ability. The low polarizability of the single bond C — C accounts 
also for the rapid diminution of inductive effects in a saturated carbon 
chain and the greater polarizability of C=C for the ability of unsatu- 
rated systems to transmit them with much smaller loss. 

The ref ractivi ties of the bonds C — X follow the same order as the 
general reactivities of the halides in metathetical reactions involving 
elimination of the halide anion. It must be recognized, however, that 
polarizability effects can occur in either direction, and a high polariza- 
bility of systems containing an unshared electron pair may be related 
to the tendency to form additional covalent links by coordination with 
an acceptor center. The stability or reactivity of the resulting struc- 
tures involves a number of other factors and cannot be predicted 
directly from the relative polarizabilities. 

CLASSIFICATION OF CHEMICAL REACTIVITIES 

Organic molecules may be classified superficially from the standpoint 
of the electronic configurations of the valence shells of the principal 
atoms, but the important consideration in dealing with chemical reactions 
is the behavior of their active centers relative to other systems. The 
classification of reagents as acids and bases, or as oxidizing and reducing 
agents, is merely a convenient expression of their activity relative to one 
another. Within a given category it is possible to place reagents along 
a scale of relative affinities to express the activity of acids, or oxidizing 
agents, relative to each other. Obviously, the possession of one domi- 
nant characteristic does not necessarily imply the absence of the oppo- 
site property; a base will act as such in contact with a reagent that is 
less basic than itself but can act as an acid in the presence of a reagent 
more basic than itself. 

Acids and Bases. Lewis ^ has given the following broad definition 
of basicity and acidity : a basic substance is one which has an unshared 
pair of electrons which may be used to complete the stable group of 
another atom, and an acidic substance is one which can employ an 
unshared pair from another molecule in completing the stable group of 
one of its own atoms. Thus, acetic acid is acidic with reference to 
hydrocarbons, alcohols, and amines, all of which are relatively stronger 
electron donors, but it is basic with reference to hydrogen chloride, 
which is a weaker electron donor. It is possible to arrange molecules 
and ions in the order of their acidic or basic activity relative to a definite 

** Waters, “ Physiesd Aspects of Organic Chemistry,” Routledgo and Sons, London 
( 1936 ). 
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criterion, but it is not to be expected that the identical sequence will 
be maintained toward all reagents of either type. 

Oxidation and Reduction. A consideration of oxidation and reduc- 
tion shows that the reducing agent donates electrons, or a share in its 
electrons, to the oxidizing agent. Consequently, oxidation and reduc- 
tion are analogous to basicity and acidity from the standpoint of the 
fundamental electronic characteristics of the active centers. Bases 
and reducing agents are electron donors; acids and oxidizing agents are 
electron acceptors. In any category the reagents may be subdivided 
into two groups, depending upon whether they act by donating or 
accepting electrons completely or by a sharing process. For example, 
an active metal or ion (Na* or Fe'^'^) usually acts as a reducing agent, 
or as a base,^^ by donating electrons completely; covalent molecules 
(SO2, NH3, etc.) usually act by donating to an oxidizing agent, or to an 
acid, a share in previously unshared electron pairs. Sulfur dioxide acts 
as a reducing agent by virtue of the unshared electron pair in the 
valence shell of the sulfur atom; it can act also as an oxidizing agent or 
acid, by virtue of its ability to accept an unshared electron pair from 
another molecule or ion ([OH]“ or NH3). 


0 0 

T T 

;S =0 + HO— X ^ X— S— OH 

i 

0 

SO2 as electron donor 


o 

T 

:S =0 + 


SO2 


0 


[OH]- 


T 

:S— OH 

i 


L 0 

as electron acceptor 


Cationoid and Anionoid Activity. Following Lapworth^s proposal 
that reagents should be classified as anionoid or cationoid according as 
they resemble active anions or cations in their behavior, Robinson 
has arranged the active centers of typical reagents into two groups 
indicating their behavior relative to one another in the course of reac- 
tions (Table XI). ^ It must be emphasized that the terms cationoid 
and anionoid are not intended to imply that the nature of the electro- 
afiSnity depends upon the state of polarization of the reactive system. 
These names refer to the characteristic acceptor or donor activity of 
reactive cations or anions. 
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TABLE XI 

Classification of Reagents (Lapworth-Robinson) 

Anionoid (Electron-donating) 

Reactive anions: [NHa]-, [OH]-, [CN]-*, [OR]" [CII(C02Et)2l- etc. 

Molecules containing unshared electron pairs: N of NH3 and amines; 0 of H2O, 
ethers, aldehydes, ketones; S of mercaptans, sulfides; etc. 

Reducing agents: Fe'^’^; metals (as sources of electrons). 

Hydrocarbon residues of organometallic compounds: R — of R — MgX; R — C=C — 
of acetylides; etc. 

Unsaturated carbon of olefins and of aromatic compounds: CHi=CH2; CeH#. 
Neutral atoms and free radicals (common to both classes). 

Cationoid (Electron-accepting) 

Protons and proton sources: acids, etc. 

Reactive cations: [HaO]'’', diazonium ions, cations of pseudo bases (e.g., cotarnine). 
Metallic atoms with incomplete valence shells, capable of coordination: HgR2, etc. 
Alkyl residues of esters, alkyl halides, and quaternary ammonium compounds: 
(0113)2804, CH3— X, |(CH 8 ) 4 N 1 +, etc. 

Halogens, ozone, peroxides, and oxidizing agents: CrOa, Fe^'^'^, Mn04, etc. 

Carbon of carbonyl groups (aldehydes, ketones, est(Ts) and nitriles. 

Nitrogen of nitroso and nitro compounds, and nitric acid. 

Sulfur of SO3, H2SO4, NaHSOa. 

Neutral atoms and free radicals (common to both classes). 

Electrophiles and Nucleophiles. Ingold has designated reagents 
which donate their electrons to, or share them with, a foreign atomic 
nucleus as nucleophilic; reagents which acquire electrons, or a share in 
electrons previously belonging to a foreign molecule or ion, are termed 
electrophilic. The broad classification of organic molecules and 
n^agents as electron acceptors or electrophiles, and electron donors or 
nucleophiles, embraces also the narrower classifications (acids and bases, 
oxidizing and reducing agents). It is evident, therefore, that all the 
methods of classifying the electroaffinities of organic molecules and 
reagents are based upon essentially the same principles and the same 
electrochemical concept of chemical activity (p. 1614). 

Formulation of Reaction Mechanisms. It must be recognized that 
the formal classification of reagents as electrophilic and nucleophilic, or 
cationoid and anionoid, is based upon considerations of the initial and 
final states of the reactive centers and is independent of specific hypothe- 
ses concerning the intimate mechanism of the reaction process. From 
the standpoint of reaction mechanisms the intrinsic electroaffinity of an 
active center, or the overall transition from the initial to the final state, 
is less significant than the nature of the process through which the elec- 
tronic transfer is accomplished. The formulation of definite reaction 
mechanisms depends upon the introduction of various speculative 
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hypotheses designed to correlate the chemical behavior of active centers 
with their electronic configurations. 

A certain confusion arises from the circumstance that the inherent 
attraction of a reactive center for electrons or for atomic nuclei may 
operate by a direct or indirect process. There is little doubt, for exam- 
ple, that the driving force of the characteristic reactions of molecular 
chlorine arises from an inherent attraction for electrons. Ingold regards 
chlorine as an electron-accepting reagent; it is considered so in the 
Lapworth-Robinson classification and placed in the same category with 
metallic atoms having an incomplete valence shell, potential alkyl 
cations, and the carbon atom of the carbonyl group. However, in 
speculating upon the mode of attack of reagents by chlorine it appears 
that the avidity of chlorine for electrons may be appeased by a circuitous 
process: one atom can act as a donor in a preliminary attachment to an 
acceptor center and the other atom then migrates to a donor center of 
the reagent. The result of the whole process is that both chlorine atoms 
attain a state in which they have a larger share in the binding pair of 
electrons than either had in the Cl — Cl link. 

1 - 5 + 8-1 

Cl— Cl + A— B LCl— Cl-^A— Bj -> Cl— A + Cl— B 

(Substitution) 

The same reaction can be formulated by the assumption of a pre- 
liminary polarization of the chlorine molecule by the electrical field of a 
molecule of the reactant, or a solvent, or surface on which adsorption 
has occurred. 

5“ 5+ •'s 1 

Cl— Cl + B— A [Cl— Cl B— Aj Cl— B + Cl— A 

The reaction is then considered to result from the strong electron 
attraction of the electron-depleted (positively polarized) chlorine atom. 
The same products would be expected according to either formulation, 
so that an examination of the final products will not be of assistance in 
distinguishing between the alternative mechanisms. Indeed, the source 
of instability is due in both cases to the same active center, the electron 
deficiency of the positively polarized chlorine atom. 

In the following discussion an effort has been made to incorporate 
the pertinent features of the important generalizations of Robinson 
and of Ingold, and to present a composite picture of the contributions 
of a number of other investigators in the application and extension of 
electronic theories. Since the formulation of intermediate complexes 
seems justified on physical and chemical grounds and useful in the inter- 
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pretation of many effects that are associated with reactivities, particular 
emphasis has been given to the hypothesis of preliminary coordination 
complexes. The reactive complexes are intended to represent mobile 
systems which facilitate the occurrence of effective electron displace- 
ments in the course of reaction and must not be confused with stable 
intermediate compounds that can sometimes be isolated. 

CLASSIFICATION OF REACTIONS 

The most typical reactions of organic molecules that occur in solu- 
tions and at ordinary temperatures may be grouped into three general 
classes, according to the nature of the reagent: (i) reactions between a 
covalent molecule and a free atom, especially an alkali metal, or a free 
radical; (ii) reactions between a covalent molecule and an ionized sub- 
stance; (hi) reactions between two covalent molecules. It is by no 
means a simple matter to decide upon the intimate mechanism of all 
organic reactions, but it may be stated that, in general, only the first 
class of reactions will involve a symmetrical fission of the binding pair 
of electrons to yield an electrically neutral fragment, a free radical. 
These reactions may, therefore, be designated as non-ionic or radical 
reactions. The second and third classes may be considered to involve 
an unsymmetrical cleavage in which the electron pair remains intact 
and is retained by one of the atoms of the link. Reactions of this kind 
need not be sharply differentiated, and both are frequently called ionic 
reactions. It is convenient to designate the second class as simple 
ionic and the third class as pseudo ionic or complex ionic reactions. 

The three classes of reactions of covalent molecules usually differ 
markedly from the ionic reactions of strong electrolytes in that the 
former take place more slowly. To account for this difference Arrhenius 
introduced the notion that chemical reaction depends upon the presence 
of a relatively small number of active molecules, and that a normal 
or average molecule must be brought to a higher energy level (activated 
state) before reaction will occur. This conception has been extremely 
fruitful, and the Arrhenius equation k = relating the reaction 

velocity k with the number of molecular collisions and the energy of 
activation E, has served as a basis for the general correlation of kinetics 
of chemical changes. In the activation theory the quantity E repre- 
sents the amount of energy which a molecule must have in excess of the 
normal or average energy content, and, since this quantity enters as an 
exponential term, small variations in E will produce a relatively large 
effect upon the rate of reaction. 

Physical evidence leads to the view that there is a time interval 
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between an efifective collision and the occurrence of reaction, and that 
an ‘‘ activated complex intervenes as an intermediate state between 
the reactants and the products. The driving force of a reaction depends 
upon energy increments that are associated with polarization and polariz- 
ability effects in a covalent structure. In the activated complex rela- 
tively small forces are able to bring about a redistribution of the 
electronic systems among the atomic nuclei, to give more stable 
configurations. 

Radical Reactions. The interaction of an organic halide and 
an alkali metal may be taken for consideration of the general mechanism 
of this class of reactions. The metal transfers an electron to the halide 
molecule forming a highly unstable organic anion. The transient 
anionic complex [R — X+e]~ decomposes into X“ and R — e. The sub- 
sequent transformations will depend upon a number of factors: the 
intrinsic stability of the free radical, which is a constitutive property 
determined by internal factors; the nature of the environment; and the 
relative concentrations of other molecules or atoms with which it can 
react (external factors). Reaction of the free radical with a second 
atom of the metal will generate an organornetallic compound RM; 
reaction with another free radical may produce either R — R (Wurtz- 
Fittig reaction) or R — H and an olefin (disproportionation). It is 
possible to attribute the formation of R — R to the interaction of RM 

M- + X— R M+ + X- + -R 

R- + M- -^RM R- + R- ^R— R 
R* + R* — > CnH 2 n +2 + CnH 2 n 

with a second molecule of R — X, and to envisage other mechanisms 
leading to the same products, but these details need not be considered 
here (see p. 452). 

The relative reactivity of a series of halides (R — F, R — Cl, R — Br, 
and R — I) toward a given metal should be determined by the relative 
ability of a collision with the metallic atom to produce an effective 
electronic displacement in the direction X->-“R. Consequently the 
polarizability of the C — X bond, and not the residual charge in the link, 
will be paramount, and the reactivity should decrease from iodide to 
fluoride. This is verified in the most striking way by ingenious experi- 
ments of Polanyi and his collaborators,^^ who have shown that the 
number of collisions required to produce one effective collision, in the 
reaction of methyl halides with sodium vapor, is 1.5 for CH 3 — I, 25 


2 * Horn, Polanyi, and Style, Tram, Faraday Soc., 30 , 189 (1934). 
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for CH3— Br, 5000 for CH3— Cl, and 10,000,000 for CH3— F. Similar 
results were obtained with the ethyl and aryl iodides, bromides, and 
chlorides. 

There is some evidence that the attack of sodium on organic halides 
such as bromobenzene gives rise to transient sodium halyls (p. 454), 
corresponding to the ketyls obtained from aromatic carbonyl com- 
pounds.^^ This suggests that the reactions under ordinary conditions 
probably occur by the addition of an electron to the halogen atom, 
through the temporary expansion of its valence shell. In aromatic 


Na- +Br— CflHfi 


Na- + R— CO— CeHs 


Na[.Br— CeHd- 



w ^ Metal halyl 

^ Na + Br- + .C6H5 



Metal ketyl 



halyls and ketyls the relatively longer life of the intermediate may be 
attributed to resonance effects. The halyl complex may be regarded 
as a temporary state which permits internal dynamic effects to become 
operative. 

Simple Ionic Reactions. The metathetical reactions of alkyl halides 
with hydroxides, alkoxides, and salts of alkali metals are typical 
of this class. The rate of reaction usually follows the order 
R — I > R — Br > R — Cl, in accordance with the polarizability of the 
halogen atoms. The fact that reactions of this kind can occur without 
racemization of an asymmetric system (p. 1844) attached to the halogen 
atom, but with optical inversion, indicates that the process may be 
pictured in the following way: 

R' R' R' 

\ I ^ / 

X- + H— C— Cl X- CH— Cl X— C— H + Cl" 

/ I \ 

R R R 


In this case the configuration of the asymmetric center is turned 
inside out, like an umbrella in a strong wind.'’ A preliminary separa- 
tion of free alkyl cations in reactions of this kind is quite improbable, 
since this would lead to racemization and possibly to molecular rearrange- 
ment within the alkyl group. 

Morton and Stevens, J. Am. Chem. Soc., 64 , 1919 (1932); see, also, Bachmann and 
Wiselogle, ibid, 68 , 1943 (1936). 

For a discussion of optical inversion, see p. 196 and also p. 1844. 
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The effect of structural variations of the alkyl group upon the rates 
of reaction has been studied for many reactions of this type. Although 
different ionic reagents do not always place groups in an identical 
sequence, it is generally true that the order of decreasing reactivity is: 
methyl > primary > secondary > tertiary groups. Aryl and vinyl 
halides are extremely inert, and allylic or benzylic halides are highly 
reactive (p. 832). 

Since alkyl groups tend to produce an effect of electron-release rela- 
tive to hydrogen, it might be expected that the tertiary alkyl halides 
should be more reactive than the secondary or primary compounds. 
However, the determining factor here appears to be the mobility of 
the cationic center, that is, the relative tendency of a collision to pro- 
duce a sufficient mobility of the respective cationic centers. Since the 
alkyl groups are electron-releasing groups they reduce the electronic 
deficit and thereby diminish the probability of an effective collision. 
Aryl and vinyl groups inhibit reaction through their tendency to favor a 
mesomeric polarization which increases the covalence of the carbon- 
halogen bond (see hetero-enoid systems, p. 1679). The interposition of a 
methylene group, as in CH 2 =CH — CH 2 — Cl or CeHs — CH 2 — Cl, has a 
strong positive effect since the vinyl or aryl system is capable of exerting 
a strong dynamic effect of electron release toward the atom to which it is 
attached, Mesomeric polarization ( — T effect of the halogen atom), 
which disfavors separation of a halide anion, does not occur in the allyl 
and benzyl halides owing to the inability of the methylene group to 
hold an additional electron pair. It will be recalled that dynamic 
effects are able to facilitate a given type of reaction, but cannot in them- 
selves impede an alternative reaction. 

In certain reactions, and especially with elements of high atomic 
number, the mechanism may involve a temporary expansion of the 
valence shell beyond an octet (p. 1610). The anomalous hydrolysis of 
certain halides, particularly iodides, to give hydrocarbons is an example 
of this phenomenon. 

R— I + OH- [R— I^OH]- R— H + [I— 0]- 

This type of reaction occurs in cases of “ positive ” halogens, such as 
R — C^C — X, p-amino-aryl halides, certain a-halogenated ketones, etc. 

Pseudo Ionic Reactions. The rates and mechanisms of many 
reactions between covalent molecules are similar to those observed in 
simple ionic reactions. There is no fundamental distinction between 
the reaction of an alkyl halide with an amine, and that with an ionized 
metallic salt. In this type of reaction, also, optical inversion takes 
place and not racemization. However, it is frequently observed that 
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reactions between covalent molecules are greatly facilitated by the 
presence of media or catalysts that are capable of giving rise to coordi- 
nation complexes. This suggests that interchanges between 


R' 

\ 

II3N: + HC— X 

/ 

R 


R'l 

/ 

R3N— CH 
\ 

R 


+ 


X- 


covalent bonds may occur as the final stage of a mechanism that is 
initiated by a coordination process. 

The formation of unstable coordination complexes will tend to 
accentuate or diminish polarization effects and will increase the oppor- 
tunity for dynamic contributions of multiple bonds and unshared elec- 
tron pairs. The presence of an unstable electronic shell in the complex 
increases the electron mobility, and the proximity of the reacting mole- 
cules about the coordination center allows a suitable approach of 
covalent systems in the form of loosely bound cations and ions. The 
effect of zinc chloride in promoting the formation of alkyl halides from 
primary alcohols and halogen acids may be taken as an illustration. In 
the absence of zinc chloride, a simple ionization of the halogen acid 
takes place but the rate of formation of alkyl halide is extremely slow. 


R— OH + H— Cl [R— 0 H 2 ]+C 1 " 


ZnCl2 + Cl~ + R — OH — > complex anion 


H Cl 

I I 

R— O— Zn— Cl 

t I 

Cl 

Complex anion 


1 R— Cl + [HO— ZnCl2]- 

iHCl 

H2O + ZnCl2 + [Cl]- 


The introduction of zinc chloride makes possible the formation of an 
unstable cooordination complex such as [R — OHZnCla]", in which an 
incipient alkyl cation and chloride anion are brought into close contact. 
By an a, 7-shift within this complex the alkyl halide is produced, and 
since the latter has little tendency to coordinate with zinc chloride it is 
liberated from the complex. Action of the halogen acid upon the basic 
zinc complex regenerates the catalyst and the cycle can be repeated. 

The factors influencing the formation and the behavior of coordination 
complexes are rather obscure, but certain general features can be recog- 

Meisenheimer and collaborators, Ann.y 442 , 180 (1925); Meerwein, Ann., 465, 227 
(1927). 
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nized. Owing to the circumstance that the transition elements cannot 
produce cations of an inert gas configuration by simple ionization, these 
elements show a marked tendency to increase their valence shells by 
coordination with unshared electron pairs of ions or covalent molecules. 
Compounds of the transition elements are, therefore, particularly active 
acceptor centers. Elements in groups II and III of the periodic table 
also show marked tendencies to form coordination complexes, but the 
alkali metals do so with much less facility. The relative sizes of the 
potential donor and acceptor centers, and other steric factors, appear 
to be of considerable significance also. In general, the formation of 
stable complexes is more likely to occur when the acceptor and donor 
centers are of approximately the same size. 

There is evidence to support the hypothesis that a number of 
organic reactions, including certain molecular rearrangements and 
addition reactions, may occur through an ephemeral cyclization within 
the primary reaction complex by means- of a subsequent intramolecular 
coordination (chelation, p. 1637). The rearrangement of allylic halides,^® 
certain reactions of Grignard reagents, and many other reactions may 
involve a process analogous to the following: 


CH— CR2 

Z' \ 

CH 2 X 

/ 

Y— M 


CH-irCR2 

^ X 

CH2^— ^ Y— CH2— CH=CR2 + MX 

I / 

Y— L-M 


H 

A 

CH2 Zn— Cl 

I I 

R 2 CH Cl 


H 

CH2 Zn— Cl 

» k I 

R2Ck-H^Cl 


R2C=CH2 

+ H 2 O “h ZnCl2 


It is difiicult to formulate the fugitive chelate complex with the usual 
valence symbols, and the intermediate cyclic form must be regarded 
merely as a symbol for the sequences of electron displacement that 
occur and not as a structural formula. The process corresponds to an 
electrical circuit that is started by the initial coordination of X with 
the center M, and is completed by rupture of the bond between X and 
CR 2 . Other examples of cyclic reaction mechanisms are discussed in 
connection with chelate rings (p. 1649). 

28 Carothers and Berchet, J. Am. Chem. Soc., 66 , 2810 (1933). 

29 Johnson, ibid., 66 , 3029 (1933). 
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CHELATE RINGS 


The term chelate ring denotes a cyclic structure that arises through 
intramolecular coordination in systems containing a donor and acceptor 
center, as in salicylaldehyde (I) and the covalent copper salt of glycine 
(II), or a ring that is formed by intermolecular coordination in systems 
that are capable of forming two or more coordinate links. The dimers 
of the carboxylic acids (III), and a variety of metallic complexes derived 
from ethylenediamine (IV) or anions of dicarboxylic acids, are repre- 



R— C C— R 


III 


/ 

CO 


0 


Os 


\/-\ 


Cu 


CO 


CH 2 /^\ CH 2 
\nH2 H 2 N/" 


II 


- /NH2 

ch2\ /R 

I Au< 

CH 2 ^ \r 

IV 


Br- 


sentatives of the intermolecular type. The name “ chelate is derived 
from the stem chela, a pincer-like claw, and was proposed in 1920 by 
Morgan and Drew,^^ The existence of ring structures in the coordina- 
tion complexes of ethylenediamine and similar compounds had been 
known much earlier, but recognition of the importance of the phenome- 
non of ring closure by coordination and its bearing on chemical prob- 
lems appears to have been due largely to the work of Morgan and his 
collaborators. ^ They showed, for example, that mordant dyes are 
chelate structures and that the ability to dye cloth mordanted with 
metallic salts is due to structural features of the dye that permit 
chelation to occur. 

It must be recognized that the process of forming a chelate ring is 
the same as that leading to the simple open-chain cc^ordination com- 
plexes. Indeed, some chelate systems differ very little from the open- 
chain analogs. However, the chelate rings of special interest in organic 
chemistry are those in which the cyclization makes possible the occur- 

Morgan and Drew, J. Chem. Soc., 117 , 1457 (1920). 

Morgan and Main Smith, J. Soc. Dyers Colourists, 41 , 233 (1926). 
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Fence of resonance effects, or serves to alter preexisting resonance 
effects. 

The existence of chelate structures cannot be doubted and is sup- 
ported by experimental evidence derived from stereoisomerism, ioniza- 
tion phenomena, molecular association, solubility behavior, and spec- 
troscopy. Probably the most convincing evidence for the ability of 
hydrogen to become 2-covalent is afforded by the demonstration that 
hydrogen can take part in the formation of chelate rings. 

In certain o-substituted phenols the presence of chelate ring 
structures was postulated by Sidgwick^ to account for the fact that 
whenever the substituent has the structure necessary to form a six- 
membered chelate ring (as — CO — H, — CO — R, — CO — OH, — NO2, 
etc.) the ortho isomer differs markedly from the meta and para in physical 
properties and is always less highly associated. The ortho isomers are 
less soluble in water, are more soluble in benzene, and have a lower 
boiling point. 

Although much evidence for the existence of chelate rings involving 
2-covalent hydrogen has been adduced from considerations of simple 
physical properties, the most convincing demonstration has come 
from infra-red spectroscopy.^^ It has been found that absorption in 
the region characteristic of the hydroxyl group (6200-7500 cm.“^) is 
absent for a large number of compounds having configurations that 
would favor formation of a chelate ring containing the hydrogen bond 
O — H^O or 0 — H^N. The characteristic hydroxyl absorption was 
retained in related compounds where the constitutions or configura- 
tions excluded the formation of such bonds. Thus, the characteristic 
absorption was absent for phenols containing ortho substituents such as 
— CO — H, — CO — CH3, — NO2, and — CO — NH2, but was present in 
the meta and para isomers. Absence of hydroxyl absorption (in 0.1-0,03 
molar solutions in carbon tetrachloride) was noted for acetylacetone, 
benzoylacetone, and dibenzoylmethane, but not in compounds where 
chelation is excluded on steric grounds. 


CHa— C— 0 

/ I 

HC H 

\ T 

CH3— c=o 
Chelated enol 


/OH 

CH3\ /CH2-C< 

>C< >CH 

CH3/ ^CHa— C< 

^0 

Chelation excluded on steric grounds 


The presence of more than one hydrogen bond within a molecule is 
shown by the absence of hydroxyl absorption in 1,4- and 1,5-dihydroxy- 

Hilbert, Wulf, Hendricks, and Liddel, J, Am. Ch&m. Soc., 58 , 648, 1991 (1936). 
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anthraquinone, and l,4-dihydroxy-5, 8-naphthoquinone (naphthaiarine). 
Other interesting examples of the formation of two hydrogen bonds are 
afforded by 2-naphthol-l-sulfone and 2,2'-dihydroxybenzophenone. 
The former shows also that oxygen atoms held in semi-ionic linkage 
with sulfur can participate in forming intramolecular hydrogen bonds. ^ ^ 


O-H-0 



Naphthazarine 



2-Naphthol-l-Bulfone 



2,2'-Dihydroxy- 

benzophenone 


There is evidence that the chelation of hydroxyl groups with ortho 
carbonyl or nitro groups in aromatic systems is accompanied by an 
increase in color, which may be interpreted as a tendency for the chela- 
tion to develop a quinonoid structure within the aromatic ring. The 
resonating forms of a typical o-hydroxyaryl ketone correspond to 
benzenoid and quinonoid structures, and the color may be considered 
to be a contribution of the latter. Thus, 2-methoxybenzophenone can- 
not undergo chelation and is colorless, but 2-hydroxybenzophenone can 
form a chelate ring and is pale yellow in color. The introduction of an 


/\ ^ 




0-H<-0 

Benzenoid form 


/X 


/X 


\/WV^ 

II , 

O^H-0 

Quinonoid form 


ortho hydroxyl group into the adjacent ring, as in 2,2'-dihydroxybenzo- 
phenone, gives a double chelation that is accompanied by a large increase 
in quinoidation, and the compound is bright yellow. 

Metallic derivatives of the enolic forms of /3-ketonic esters, ^-dike- 
tones, and similar tautomeric systems, may be ionized salts or covalent 
chelate rings. The anhydrous form of the sodium derivative of benzoyl- 
acetone behaves as a typical ionized salt (I) and is insoluble in hydro- 
carbons, but it forms a dihydrate which is soluble in toluene and is 
clearly a covalent molecule containing a chelate system (II). Similar 
covalent dihydrates are formed by the lithium derivative of benzoylace- 
tone and of methyl salicylate, and by the sodium derivative of aceto- 
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acetic ester. A dichelate system of spirane type is present in the beryl- 
lium derivative of acetylacetone (III), and trichelate systems occur in 
the corresponding aluminum and silicon derivatives. 


rCoHs— C— 01 

/ 

HC 

\ 

CH 3 — c=oJ 
I 


Na+ 


CcHs— C— 0 OH 2 

/- \ / 

HC Na 

\ / \ 

CH 3 — C=0 OH 2 

II 


CH 3 — C— O 0=C— CH 3 

/ \ / \ 

HC Be CH 

\ /■ \ / 

CH 3 — C=0 0— C— CHs 

III 


C 0 H 5 — C=0 O— C— CO 2 H 

/ \ / \ 

HC Be CH 

\ / \ / 

HO 2 C— C— 0 0=C— CgHs 

IV 


Convincing evidence for the existence of the chelate structures is 
afforded by the fact that the copper and beryllium derivatives of 
benzoylpyruvic acid (IV) have been resolved by Mills and Gotts into 
optically active forms. 

Sidgwick has devised a convenient classification of chelate rings into 
three types, on the basis of the nature of the bonds that are present in 
the cyclic system. * Rings in which the coordinate link becomes iden- 
tical with a normal covalent bond as a result of chelation arc designated 
as type A; those containing one or two definite coordinate links are 
denoted as types B and C, respectively. The ring types are not always 
sharply differentiated, and frequently, in the liquid state and in solutions, 
the chelate systems exist in equilibrium with a non-chelate structure. 
In some cases elcctromeric (resonance) effects within the system render 
the classification doubtful. 

Type A. These rings result from the chelation of ions and arise 
through the inability of the central atom to form additional covalent 
links except by coordination. They are generally quite stable and, in 
addition to the usual five- and six-membered systems, may contain 
cycles of four or seven members which are found rarely in other types of 
chelate rings. 

The double carbonates and sulfates of beryllium afford an illustra- 
tion of four-membered rings of this class (I). Five-membered rings 
occur in various derivatives of catechol (II); six-membered systems, 
in the bis-piperidinium salts (III) and in the boro-salicylates (IV). AH 


Mills and Gotts, J, Chem. Soc., 3121 (1926). See, also, Chapter 3, p. 366. 
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of these are relatively stable, and the chelate structures of the last three 
have been confirmed by resolution into optically active forms. 

C«H4— O O— CeH.")- 

I \ / I 

O As O 


\ / 
Ccll4 

I II 

- ^CH2— CHzs^ ^CHr- CH2\^ 

RCH N CHR' 

_ \cH 2— CHa^ "^CHa— CHa^ 

III IV 



2K- 


0=C Be C==0 


K' 


Certain 1,2-glycols form five-membered chelate ring structures in 
aqueous solutions of boric acid. The effect of the chelation is to pro- 
duce a large increase in the acidic strength of the boric acid, owing to 
the enhanced stability of the chelate anion. It has been observed, as 
might be expected, that the spatial configuration of stereoisomeric 

1.2- glycols has an influence upon the tendency to form the chelate struc- 
tures (p. 396). The as-forrn of cyclopentane-l,2-diol or hydrindane- 

1.2- diol is found to increase the acidic strength of boric acid, but the 
transform does not; the racemic form of hydrobenzoin has a positive 


H+ 


R— CH— 0\ /O— CH— R 

I >B< I 

R— CH— 0/ \0— CH— R 


R— CH— 0/ 

Chelate esters of boric and arsonoacetic acids 


R— CH— Ov /O— CH— R 

I I 

I ^0— CH— R 
CH 2 CO 2 H 


effect, but the mcso-form is without effect. The steric and constitu- 
tional requirements for the chelation are not perfectly cli^ar, since many 
aliphatic 1,2-diols (ethylene glycol, 1,2-propylene glycol, and pinacol) 
have no effect on boric acid and in some cases both pairs of optical 
enantiomorphs, or cis-trans isomers, produce the same effect. The 
b2-glycols also form chelate structures with arsenic acid and with 
arsonoacetic acid. ^ ^ 

Cyclic oxonium compounds, such as the pyrylium and pyroxonium 
salts (p. 1609), may be regarded as a special case of chelate structures 
of type A. They are analogous to the bis-piperidinium compounds in 
that the stability of the ring structure is associated with the presence 

Boeseken and collaborators, Rec. trav. chim,^ 39 , 185 (1920); 40 , 625, 553 (1921); 
41 , 327, 722 (1922). 

Englund, J. prakt. Chem., 122 , 121 (1929). 
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of a cationic charge produced as the result of a coordination process. 
With the pyroxonium compounds the ring structure can persist in the 
absence of an electrical charge, but shows a strong tendency to go over 
to an open-chain carbonyl compound (under the influence of alkalies). 

Type B. In these systems an atom is held in the ring on one side 
by a normal covalent link and on the other by a coordinate link. The 
rings are usually less stable than the preceding type and always contain 
either five or six members. The type B chelate structures most fre- 
quently encountered are five-membered rings containing one double 
bond, and five- or six-mcmbered rings containing two conjugated double 
bonds. The conjugated rings of this class are probably the most extens- 
ive group of chelate structures. 

The covalent metallic derivatives of a-ketonic acids, a-amino acids, 
o-nitrosophenols, mono- and dioximes of o-quinones and 1,2-diketones 
(dimethylglyoxime, benzil mono- and dioximes), benzoin oxime, 2- 
pyridyl ketoximes, and 8-hydroxyquinoline are familiar examples of 
five-membered rings of type B. The oxime complexes have been for- 


OH 


OH 


R— C=N\ R 

I >< I 

R— C==n/ \n=C— r 

A ^ 

0 0 


R— C=0\ .0=C— R 

1 X I 

R— C>=:N/ \n=C— R 

i i 

0 0 


Chelate nickel derivatives of oximes 


mulated as six- or seven-membcred ring structures, but there is now 
definite evidence from stereochemistry for the five-membered ring. 
It is found that the formation of stable metallic complexes occurs only 
when the configuration is favorable for the structures given above. 
Thus, complex salts are produced readily from the anti-CHOR form of 
benzoin oxime, the an^f-2-pyridyl form of 2-pyridyl ketoximes, and the 
anti-form of benzil mono- and dioximes; the 5^/^^-forms of these oximes 
do not yield metallic complexes. ^ 

Although the saturated compounds (glycols, amino alcohols, dia- 
mines, etc.) that could give rise to rings of this type may undergo chela- 
tion to some extent, it appears that intermolecular coordination (asso- 
ciation) to form open-chain structures occurs more readily. Saturated 
five-membered rings of Type C are present in metallic complexes formed 
from 1,2-glycols, 1,2-amino alcohols, and 1,2-diamines, but there is little 
evidence to support the view that these substances form Type B chelate 

Meisenheimer and Theilacker, in Freudenberg’s “ Stereochemie,” Deuticke, Leipaig 
and Vienna (1933), pp. 1039 ff. 
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rings involving 2-covalent hydrogen. Crystal structure analysis of a 
number of compounds indicates that the valence angle of 2-covalent 
hydrogen is 180° and that a distance of about 2.6 Angstrom units 
for the 0 — H^O or O — H^N systems is favorable. The chelate 
forms of saturated 1,2-diols (I) and related types, and of analogous 



Chelation restricted by ring strain 


.^JLoh 


aromatic compounds (II) where a double bond is present, would involve 
large deviations from the normal valence angles and would therefore be 
relatively unstable. Evidence from infra-red spectroscopy shows that 
the characteristic hydroxyl absorption is present in compounds such as 
catechol and benzoin but other physical properties of catechol and 
o-ami nophenols suggest that chelation may occur to some extent. 

Saturated 1,3-glycols and /3-hydroxy carbonyl compounds fulfill the 
necessary geometrical considerations for the formation of six-membered 
rings containing hydrogen bonds. However, it is evident that these 
conditions alone do not suffice since typical examples of such compounds 
(/S-hydroxybutyraldehyde, and esters of tartaric acid) show absorption 
in the region characteristic of the hydroxyl group. In these cases the 
diminished tendency to form intramolecular hydrogen bonds may be 
attributed to the freedom of rotation about the single bonds and the 
absence of stabilizing resonance effects that can occur in the correspond- 
ing unsaturated types (enol forms of 1,3-diketones, etc.). 

Six-membered rings containing two conjugated double bonds and 
one coordinate link are very frequently encountered, and are probably 
the most important chelate rings in organic chemistry. Owing to the 
favorable steric relations and the intervention of resonance effects, 
these rings are relatively stable. Either hydrogen (becoming 2-cova- 
lent) or a metallic atom acts as the acceptor center, and nitrogen or 
oxygen acts as the donor atom. Typical examples of chelation through 
hydrogen are the o-substituted phenols (p. 1638) and enolic forms of 
i3-diketones, /3-ketonic esters, and other tautomeric systems. Many of 
the metallic derivatives of these substances form unusually stable cova- 
lent chelate structures; the beryllium, aluminum, copper, and certain 
other metallic derivatives of acetylacetone can be distilled without 
appreciable decomposition. 
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Boron and silicon give stable chelate cations with acetonylacetone 
and similar compounds. The alkali metal derivatives of acetonyl ace- 
tone, and of enolic systems in general, are usually open-chain ionized 


CH 3 


HC 


C=0 
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CHs 
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o-c^ 
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CH 3 . 


CH 3 
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Chelate cation 


CHs 


>C=Ov /0=c< 

HC< >CH2 

^C— 0/ \0=C<^ 

Chelate lithium enolate 


salts and show little tendency to form chelate structures (lithium > 
sodium > potassium). However, in these compounds the stability of 
the chelate form may be increased by further coordination with a mole- 
cule of the free diketone or with a solvent, as in the covalent dihydrates 
already cited (formula II, p. 1640). 

A number of six-rnembered rings of this class contain oxygen and 
nitrogen, and occasionally sulfur. Several of the typical chelate sys- 
tems containing nitrogen are shown in the general formulas I-VI, 
where M may be hydrogen or a metal and one of the double bonds is 
frequently part of an aromatic structure. Formulas I and II represent 
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Resonating forms of six-membered conjugated rings 


o-nitrophenols; similar types appear to be formed also by o-hydroxysul- 
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fones. Formulas III and IV include |S-aminocrotonic esters, indigo, 
anils of o-hydroxy aromatic aldehydes, and o-amino aromatic carbonyl 
compounds. o-Hydroxyazo compounds, hydrazones of a-ketonic esters, 
and monohydrazones of 1,2-diketones, are examples of formulas V 
and VI. 

T 3 rpe C. Rings containing two coordinate links are generally the 
least stable of the three types owing to the fact that relatively stable 
molecules (or ions) are formed when the ring is broken. The most 
common examples of this type are encountered in complexes involving 
a powerful coordination center such as cobalt, nickel, iridium, or plati- 
num. Five- and six-membered rings are found in the complex amrnines 
containing ethylenediamine and trimethylenediamine, 1,2,3-triamino- 
propane, 2,2'-bipyridyl, 2-aminomethylquinolines, etc. 

Evidence that the saturated five-membered rings are formed more 
readily than similar six-membered rings is afforded by the mode of chela- 
tion in the compound of platinum chloride and 1,2,3-triaminopropane. 


H 2 C— NH2n^ 

PtCU 

NH 2 — CH 2 — C— NH 2 ^ 

H 


^CH2— NH2\ 

H 2 N— CH PtCU 

^CHa— NH2^ 


The isomeric five- and six-membered cycles differ in that the former 
has an asymmetric carbon atom and the latter has not. The product 
was resolved by Mann and Pope^^ and consequently must have a 
five-membered ring struct un\ 


Cl Cl Cl 

\ /' \ / 

A1 A1 

/ \ /" \ 

Cl Cl Cl 


A good deal of evidence supports the view that the dimeric covalent 
halides of the trivalent metals, such as aluminum and ferric chlorides, 
are four-membered rings of this type. Since aluminum and iron are 
able to assume a plane configuration for four covalences the strain in 
these four-membered chelate structures is reduced. Eight-membored 
rings containing two coordinate bonds and two double bonds occur in 
the dimers of the carboxylic acids. Owing to the circumstance that the 
valence angle of 2-covalent hydrogen is 180°, the symmetrical eight- 

” Mann and Pope, Nature, 119 , 361 (1927); Mann, J, Ckem. Soc., 1224 (1927). 
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membered ring (formula III, p. 1637) involves no greater strain than a 
six-membered ring.^® The chelate structure accounts for the observed 
low dipole moment and the fact that polymerization does not proceed 
beyond double molecules. 

Lewis and Schutz^^^ have made the interesting observation that 
replacement of the acidic hydrogen of acetic acid by its heavier isotope, 
deuterium, brings about a decrease of acidic strength and a slight 
increase in vapor pressure. Both these changes are attributed to a 
greater stability of 2-covalent deuterium, which results in an increase 
in the extent of association to form dimeric molecules. 

Polydentate Chelate Rings. Organic molecules containing two 
coordination centers frequently give rise to di- and tricyclic systems of 
spirane type, as indicated in a number of structures previously cited 
(e.g., formulas III, IV, p. 1640). When three or more coordination centers 
are present, condensed chelate structures may be produced, and these 
have been designated as tri- and quadridentate systems. A tridentate 
structure, analogous to the condensed rings of naphthalene, is present 
in the metallic complexes of diethylene triamine (I), and a quadridentate 
system (II) in the complexes from bis-acetoacetonyl ethylenediamine.'^^ 
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R CH2 CH 2 R 

\ I I / 

(_1=N N=C 
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HC Cu CH 
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A particularly interesting quadridentate structure is produced from 
the phthalocyanines ; these metallic complexes are obtained readily by 
the action of iron or magnesium oxide upon o-cyanobenzamide and 
derive their name from their deep blue color. * There is a close struc- 
tural resemblance between the phthalocyanines and the porphyrins, 
which form the basis of many important natural pigments (hemoglobin, 
chlorophyll) and have been shown to contain the “ porphin ” ring 
system. 

®®Sidgwick, “ Ann. Repte. Chem. Soc. (London),” 30 , 115 (1933). 

Lewis and Schutz, J, Am. Chem. Soc., 66, 493, 1002 (1934). 

Morgan and Main Smith, J. Chem. Soc., 912 (1926). 

Linstead and collaborators, ibid., 1016, 1031, 1033 (1934); “Ann. Repts. Chem. 
Soc. (London),” 32 , 361 (1935). 
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Magnesium derivative of phthalocyanine Magnesium derivative of porphin type 


The synthetic phthalocyanines bear a close analogy to the natural 
porphin structure, but are different in two features: each of the four 
pyrrole units of the phthalocyanines bears a condensed benzene ring in 
the 3,4-positions, and the units are connected by nitrogen instead of CH 
groups. These differences do not influence the molecular configuration 
or stability very seriously, and there are strong resemblances between 
them. Both are stable to alkalies, less so to acids; both are highly 
colored and form metallic complexes of similar stability. Thus, the 
magnesium derivative of a porphin type (phytochlorin, phytorhodin) or 
a phthalocyanine is intermediate in stability between the potassium 
salt, which is de-metalated in dilute alcohol, and the very stable copper 
derivative. 

Orientation Effects of Chelation. A definite influence of the effect 
of conjugation in a chelate structure upon the mobility of the double 
bonds in an aromatic system has been demonstrated by Baker and 
his collaborators. ^ 2 Physical properties indicate that 2,4-diacetyl- 
resorcinol (I) is fully chelated and that this has an effect of fixing the 
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I. 2,4-Diacetylresorcinol (phenanthrene type) 

m.p. 89°, b.p. 168V10mm.; volatile with steam 


Baker and coUaborators, J. Chem. Soc„ 1684 (1934); 628 (1935); 274, 346 (1936). 
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positions of the double bonds of the aromatic structure (p. 75). In the 
isomeric 4, 6-diace tyiresorcinol (II), the chelation appears to be less com- 
plete since the effects of the chelation upon the double bonds in the 
aromatic system would oppose each other, and effective participation of 
the aromatic system would require the production of a para-bridged, 
quinonoid structure. The two systems are analogous to phenanthrene 
and anthracene, respectively, and there should be little or no fixation of 
the aromatic double bonds in the 4,6-isomer. 

On the basis of the chelation theory Baker predicted that in the Fries 
reaction 4-acetoxy-2-hydroxyacetophenone (I) should give 2,4-diacetyl- 
resorcinol rather than the 4,6-isomer. The reaction was found to give 
about 60 per cent of the predicted product and 40 per cent of the 4,6- 
isomer. This result indicates a marked orientation effect since the 
methyl ether of 4-acetoxy-2-hydroxyacetophenone (II), which cannot 
be chelated, gives almost entirely the 4,6-derivative. 

Similar effects were observed in the rearrangement of 4-allyloxy-2- 
hydroxyacetophenone. The principal product was the 3-allyl deriva- 
tive, but if the original compound was methylated before rearrangement, 
the allyl group entered the 5-position. 
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Oriented ” rearrangement “ Normal ” rearrangement 


The influence of chelation upon the alkaline cleavage of iV-acylated 
benzoin oximes has been suggested by Blatt^^ to account for marked 

Blatt, Barnes, and Russell, J. Am. Chem. Soo., 67 , 1330 (1936) ; 68 , 1900, 1908 (1936). 
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differences in the behavior of the a- and jS-forms. The facile cleavage 
into benzonitrile and benzaldehyde occurs only with the Q:-(an^^-CHOH)- 
forms, and the jS-forms are merely deacylated by alkalies. Examination 
of isomeric A^-acetylated o-hydroxybenzophenone oximes reveals a sim- 
ilar effect; only the an^f-hydroxyaryl forms undergo smooth rearrange- 
ment to benzoxazoles and the si/n-forms are simply deacylated. 

Chelation in Chemical Reactions. It has been stated that the 
powerful catalytic effects of certain metals and salts may be attributed 
to the formation of unstable coordination complexes, and in certain 
cases the observed course of reaction suggests that a transitory chelation 
takes place in the unstable complex (p. 1635). This hypothesis affords a 
new point of view for the interpretation and correlation of reactions that 
are not adequately elucidated by the conventional mechanisms. Spe- 
cific applications of the hypothesis of transient chelation may be illus- 
trated by a consideration of certain abnormal reactions of Grignard 
reagents (pp. 431 and 1651). 

Studies of the behavior of benzylmagnesium chloride toward a 
variety of reactants has shown that certain carbonyl compounds (for- 
maldehyde, ethyl formate, acid chlorides, and anhydrides) give rise to 
e-tolyl derivatives, but a number of others (carbon dioxide, ketones, and 
typical esters) produce only the expected benzyl compounds. The 
experimental evidence shows clearly that the reactant itself plays an 
important role ; the assumption of dynamic isomerism between a normal 
and o-quinonoid form of the Grignard reagent, or rearrangement of a 
iree benzyl anion in the course of reaction, does not give a satisfactory 
account of the observed results. There is also definite evidence against 
either of these assumptions. 

(3n the basis of the chelation theory,-^ the normal and abnormal 
reactions are regarded as two possible courses of transposition within the 
initial coordination complex which is formed as the first step in all 
Grignard reactions. A carbonyl compound A — CO — B combines with 
the Grignard reagent, by means of an unshared electron pair of the 
carbonyl oxygen, to give the initial complex I. The coordination 
process 0=0 Mg tends to favor electron withdrawal by the benzyl 
group in the link Mg — CH 2 C 6 H 5 , and to promote in the carbonyl group 

an elcctromeric displacement C=0 w^hich would leave the carbon atom 
with a sextet of electrons (marked by an asterisk, formula II). The 
normal Grignard reaction occurs by a direct a, 7 -shlft of the benzyl 
group with its binding electrons, and without internal rearrangement, 
to the deficient carbon of the carbonyl system. The octet of the magne- 

Gilman and Kirby, iUd., 64 , 345 (1932); Austin and Johnson, ihid., 64 , 647 (1932) 
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sium atom is completed by the usual coordination with ether, and the 
stable normal product results (III). 



I II III 


The abnormal reaction arises as a result of the ability of the allylic 
system in the Grignard reagent to forestall the normal reaction by fur- 
nishing the mobile electron pair of the or^Ao-double bond to the deficient 
carbon atom. The ephemeral chelate ring is broken by rupture of the 
magnesium-carbon linkage (and coordination of the magnesium with 
ether) to give the product V 
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In aliphatic allylic systems the reaction may go no further, but with 
the aryl compounds a proton shifts to the side chain and completes the 
conversion of the benzyl group into an o-tolyl group. The tendency of 
a series of carbonyl compounds to bring about the abnormal reaction 
is clearly influenced by the nature of the atoms A and B, and parallels 
the reactivity in typical carbonyl reactions: the most active carbonyl 
compounds favor the abnormal reaction. 

The allylic rearrangements observed by Provost in the reaction of 
R— CH=CH~CH2Br and R'—MgX, to give R— CHR'— CH=CH2 
and the normal product R — CH=CH — CH2 — R', may be explained by 
a mechanism analogous to that given above. In these cases the allylic 
group of the reactant is responsible for the abnormal reaction; further- 
more, the process is arrested at the stage corresponding to structure V. 
Obviously the double bond is less mobile here than in an o-quinonoid 

45 Provost, Ann. chim., [lO] 10, 121 (1928); Provost and Daujat, Bull. eoc. chim., [4] 
47, 688 (1930); sec, also, Carothers and Berchet, J. Am. Chem. Soc., 05, 2813 (1933). 
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structure. Other Grignard reactions that appear to involve an ephem- 
eral cyclization are the 1,4-addition reactions of a,/3-unsaturated ketones 
and esters,^® and o-phenylations of benzophenone anil'^^ and highly 



Abnormal reaction of Grignard reagents and allylic halides 


substituted a:,/5-unsaturated ketones^® by forced reaction with phenyl- 
magnesium bromide. 

In the initial complex derived from an Q:,/3-unsaturated carbonyl 
compound (I) two courses of reaction are possible: (i) the “ normal 
a, 7 -shift of the Grignard group R to give 1,2-addition; (ii) shift of the 
R group (ephemeral cyclization) to the iS-carbon of the carbonyl system, 

CgHs 

CeHs-" 

II. or/^o-Phenylation 



in concurrence with an electron drift toward the carbonyl group. 
In this type of reaction it is observed that the most reactive carbonyl 
syst('ms (aldehydes) (p. 1690) favor 1,2-addition, and less reactive types 
(--CO— CoHs, —CO— OR) 1,4-addition. e-Phenylation (II) of an 
aryl group attached to the carbonyl system occurs only when steric 
factors interfere with the 1,2- or 1,4-addition. 

The chelation hypothesis is of rather general application and is not 
restricted to abnormal reactions. The O- and C-alkylation of metallic 
enolates represent alternative courses of reaction that are analogous to 
the examples given above: a, 7 -shift leads to 0-ethers, and the cyclic 
mechanism to C-alkylation. The Kolbe synthesis and the Reirner- 
Tiemann reaction may also be formulated by a cyclic mechanism. 

Kohlor, Am. Chem. 38, 511 (1907), and later papers; see also, pp. 422 and 581. 

Gilman, Kirby, and Kinney, J. Am. Chem. Soc., 61, 2252 (1929). 

Kohler and Nygaard, ibid., 52 , 4128 (1930). 
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It may be pointed out, however, that the mere circumstance that a 
plausible cyclic mechanism can be written for a reaction does not indi- 
cate per se that the reaction can take place only by a cyclization process. 
Thus, the rearrangement (p. 747) of allyl phenyl ethers^^ may occur 



Chelate formulation of the Kolbe synthesis 


by an intramolecular (cyclization) process, but it may also take place by 
an intermolecular alkylation. The chelation hypothesis of transient 
cyclization has this advantage: it offers a definite basis for predicting 
or correlating the influence of structural factors, or variations in experi- 
mental conditions (nature of the medium, etc.), upon the course of a 
given reaction. In a number of instances the observed effects are in 
good agreement with those anticipated from theoretical considerations. 


CH2 CHo CH2 



V vy V 


Intramolecular rearrangement (cyclic) 



Intermolecular alkylation 


In the rearrangement of benzyl and a-furfuryl phenyl ethers the partici- 
pation of the allylic double bond in the cyclization (intramolecular) 
mechanism is diminished by virtue of conjugation in the ring system 
of benzene or furan, and consequently the intermolecular mechanism is 
favored. In both of these cases the “ rearrangement is observed to 
occur preferentially in the pam-position, and a certain amount of the 

Ingold, “ Ann. Repts. Chem. Soc. (London),” 23 , 134 (1926). 

‘"Smith, J. Am. Chem. Soc., 66 , 717 (1934). 
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pam-alkylated ether and free phenol can be isolated from the reaction 
mixture. 


ELECTRONIC CHARACTERISTICS OF TYPICAL BONDS 


Unsymmetrical Single Bonds. If the single links of carbon with 
other elements are regarded from the standpoint of the electronic con- 
figuration of the valence shell of the hetero atom in the compound, they 
fall into three broad classes: (1) links in which the hetero atom has an 
incomplete valence shell and would require one, two, or three additional 
electron pairs to form an octet; (2) those in which the hetero atom has 
a completely shared octet (doublet, in the case of the C — H link) but is 
capable of increasing its covalence and acquiring additional shared elec- 
tron pairs by coordination; (3) those in which the hetero atom has an 
octet containing one, two, or three unshared electron pairs. The first 
category embraces atoms in Groups I, II, and III of the periodic table; 
the second, hetero atoms in the higher periods of Group IV; and the 
third includes hetero atoms in Groups V, VI, and VIL The C — H 
bond and unsymmetrically substituted C — C bonds may be regarded 
as special cases in the second class, but they merit individual consider- 
ation. Typical examples illustrating the general classification are 
shown below. 

TABLE XII 

Classification of Links between Carbon and Hetero Atoms 


Class 1 
Li— C2H6 

C2H5- Be— C2H 

C2H5— Zn- CsHi 
(C 2 H 5 ) 2 B— C2H5 
etc. 


Cla^s 2 

(C2H 5) sSi C2II b 

(C2H5)3Ge— C 2 H 

(C2H5)3Sn— C2H* 
(C2H6)3Pb— C2Hi 
etc. 


Class 3 

(C2H5)2N— C2H, 
C2H6 — O — C2HS 

F— C2H5 
I— C2H6 
etc. 


Class 1 (Groups I, II, III). In links of the first class, owing to the 
lower effective nuclear charge of the hetero atom relative to carbon, a 
permanent inductive displacement (Is) will occur toward the carbon 
atom. These hetero atoms will be considered to exert a negative 
inductive effect upon the carbon atom, and the latter a positive effect 
on the hetero atom. When these links are ruptured in the course of 
reaction the inductive effects will facilitate the separation of the organic 
group with the binding pair of electrons, but the mechanism of reaction 
involves a consideration of the contribution of coordination processes 
and of polarizability effects. 

In ethylsodium, and the alkali alkyls in general (p. 440) the normal 
state of the molecule is essentially electrovalent. The decomposition 
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of ethylsodium, at temperatures below 100°, into sodium hydride and 
ethylene may be attributed to the instability of the free ethyl anion. ^ ^ 

Na+CiCHz’— CHs]"-^ CH2=CH2 + Na+[:H]- 

The alkali alkyls are valuable diagnostic reagents for proton mobility, 
and their high proton affinity, or nucleophilic activity in a broader sense, 
is likewise to be associated with the intervention of alkyl anions. The 
separation of free hydrocarbon anions cannot be doubted in the case of 
the a-phenylated alkyls; benzylsodium and its analogs are highly 
colored substances, and their solutions in appropriate media are elec- 
trical conductors. 

The reactions of the alkali metal compounds are not usually typical 
of the behavior of the links of other hetero atoms in this class, and in 
general the assumption of free hydrocarbon anions as intermediates is 
dubious and unwarranted by the experimental facts. Reactions of the 
typical links appear to involve two steps: the formation of a primary 
unstable coordination complex in which the hetero atom acts as an 
acceptor and a subsequent migration (usually an a, 7-shift) of the 
nascent hydrocarbon anion xoiihin the complex. There can be little 
doubt that the initial step in the typical reactions of the Grignard 
reagents is a coordination process in which the magnesium acts as an 
acceptor and the reactant furnishes an active donor center; much 
experimental evidence supports the view that nearly all the hetero atoms 
in this class act in a similar way. 


CHa-Zn-CHa + R-I 


CH 3 — Zir^ 




* ^ 

-"''or, y-shift 


CHa-Zn-I + R-CH 3 


CHa-Zn-CHa + H-0“R ^ 


CHa-Zn-CHa + ZR-O-R 


CHa— ZiK 0 -R 


CHa-Zn-OR + H-CH, 


CH3 OR2 

^Zii 


CH 




( stable 
complex) 


In the presence of donor reactants the alkali metal compounds may 
behave in the same fashion, and in solutions in relatively non-reactive 
donor solvents (aliphatic ethers and tertiary amines) they may exist as 
unionized solvated complexes in equilibrium with hydrocarbon anions 
and solvated cations. 

The distinctive reactions of the alkali alkyls appear to be associated 

Carothers and CofTmann, ibid., 61 , 668 (1929). 

Conant and Wheland, ibid., 64 , 1212 (1932). 
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with a facile inductomeric polarization, as a result of which they are 
capable of transferring an alkyl anion to an acceptor reactant without 
the intervention of a donor center of the reactant or of a donor solvent. 
For instance, ethylcesium, -rubidium and -sodium are capable of con- 
verting diethylzinc into the triethylzinc anion, from which the volatile 
diethylzinc (b.p. 118°) cannot be removed by heating. The alkali 
alkyls react also with the H — C link of benzene, the aliphatic H — C link 
of toluene, and with ethylenic double bonds. None of these reactions 
appears to occur with Grignard reagents or with other metal alkyls 
of Groups I, II and III. 

r C2H5 1 - 


Na— C2H5 + Zn(C2H5)2 


Na+ 


C2H5— Zn— C2H5 
m.p. 27 ° 


Na— C2H5 + H— CH2— CgHs 


Na+[CH 2 — CgHs]- 


+ C2H6 


It is of interest to compare the behavior of R — Na, R — Mg — X 
(or R 2 Mg), and R 2 AIX (or R 3 AI) toward the same reactant. With 
acetone, the first reacts mainly as an enolizing agent, the Grignard 
reagent gives an addition product that yields a tertiary alcohol upon 
hydrolysis, and the organoaluminum compound produces mainly 
mesityl oxide and higher condensation products. With certain other 
reactants the organoalkali compounds and the corresponding Grignard 
reagents yield identical products and differ merely in their rates of reac- 
tion (p. 440).*'^^ Explanations of the observed differences in behavior 
of organometallic compounds can be inferred from a consideration of 
relative polarization and polarizability effects within the reacting 
molecules (internal factors) and the influence of the environment (exter- 
nal factors).* The position of equilibrium and the mobility (rate of 
change) within a system are independent variables; the nature of the 
products of a reaction will depend upon the relative importance of the 
contributions of the two factors and their influence upon competitive 
reactions (p. 804). 

In links of the first class the magnitude of the inductive polarization 
effects { — Is) and the tolerance of the hetero atom for a positive charge 
(polarizability) change in the same way, and vary in a regular manner 
with the position of the hetero atom in the periodic table. Both quan- 
tities diminish as the atom moves to the right in the first two periods 

Gilman and Kirby, ibid., 56 , 1265 (1933). 

♦ Internal factors involve the influence of substituents and their mutual interaction, 
atomic dimensions and steric effects; external factors take into account the electronic 
characteristics of the medium and catalysts (if any), and the effect of temperature, con- 
centration, photochemical excitation, etc. 
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(Li > Be > B and Na > Mg > Al), and increase in passing from the 
first to the second period within each group. Polarization and polariza- 
bility increase in passing into the A-subgroup toward the elements of 
higher atomic number (Li < Na < K < Rb) but decrease in going 
into the B-subgroups (Mg > Zn > Cd > Hg). The factors associ- 
ated with the direction of these changes are the effective nuclear charge 
and the size of the atom (effective atomic and ionic radii) * and its elec- 
tronic configuration. The marked differences between elements in the 
A and B subdivisions of Groups I, II, and III involve the relatively 
smaller effective radii of the elements of the B-subgroups (p. 1657) and 
the fact that their atomic kernels do not possess an electronic configura- 
tion of inert gas type. 

The relative acceptor activity of the hetero atoms in Groups I, 
II, and III may be approached in a roughly qualitative way from the 
aspects of residual charges in the link, the effective nuclear charges 
and atomic radii, and the nature of the electronic configurations. The 
tendency of an atom to ionize and its ability to act as an acceptor (or a 
donor) are independent properties and are complementary in nature. 
Both may be seen to proceed from the operation of tw^o fundamental 
principles: the tendency of an atom to approach the stable electronic 
configuration of an inert gas, and to achieve a maximum electronic 
neutralization of its nuclear charge (minimum residual atomic charge). 

As the permanent polarization in a covalent link becomes larger the 
dynamic increment (activation) required for the withdrawal of the 
binding electrons by the incipient anion becomes smaller, but at the 
same time there is an increase in the electrostatic attraction between 
the atoms and an increase in their tendency to form additional links by 
coordination (subject to the maximum covalence rule, p. 1603). From 
considerations based upon the optical properties of inorganic salts, 
Fajans '^^ has shown that ions are not rigid structures, and has related 
the process of ionization to the mutual deforming power of the potential 
ions (polarization effects) and their susceptibility to deformation 
(deformability, polarizability). 

In inorganic salts the deformation is essentially that of the anion 
under the influence of cation as a deforming agent; but in the case of a 
small anion and a large cation (as in potassium fluoride) the effect of the 
anion may predominate. Fajans observed that the amount of deforma- 

* The term effeotive radius is used to indicate the contribution which the atom may 
be regarded as making to the distance between the two atomic nuclei in the link. The 
effective radius of an atom increases in passing from an electrically neutral state to that 
of an anion, and diminishes in becoming a cation. 

Fajans, “ Radioelements and Isotopes: Chemical Forces and Optical Properties of 
Substances,” McGraw-Hill Co., New York (1931). 
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tion in inorganic salts is greater: (i) the larger the ionic charge; (ii) the 
smaller the cation; (iii) the larger the anion; (iv) for cations that do not 
possess an inert gas configuration. These generalizations are in agree- 
ment with those predicated from theoretical considerations, and the 
known behavior of a large number of inorganic compounds supports the 
inference that the tendency of a covalent molecule to ionize is restricted 
by the amount of deformation of the potential ions.^ '' The approx- 
imate radii of some of the typical univalent ions, calculated by Pauling,^ '’ 
are shown in Table XIII. 

TABLE XIII 

Approximate Univalent Crystal Radii of Ions (Pauling) 

(in Angstrom units) 


I -nivalcnt CationR 



Li 

Be 

B 

C 



(0.60) 

(0.44) 

(0.35) 

(0.29) 



Na 

Mg 

A1 

Si 



(0.95) 

(0.82) 

(0.72) 

(0.65) 


A-Subgroups 


B-Subgroups 


K 

Ca . . . 

Cu 

Zn 

Ga 

Ge 

(1.33) 

(1.18) 

(0.96) 

(0.88) 

(0.81) 

(0.76) 

Rb 

Sr . . . 

Ag 

Cd 

In 

Sn 

(1.48) 

(1.32) 

(1.26) 

(1.14) 

(1.04) 

(0.96) 

Cs 

Ba ... 

An 

Hg 

T1 

Pb 

(1.09) 

(1.53) 

(1.37) 

(1.25) 

(1.15) 

(1.06) 



Vnivalent Anions 




c 

N 

o 

F 

H 


(4.14) 

(2.47) 

(1.76) 

(1.36) 

(2.08) 


Si 

P 

s 

Cl 



(3.84) 

(2.79) 

(2.19) 

(1.81) 



Ge 

As 

Se 

Br 



(3.71) 

(2.85) 

(2.32) 

(1.95) 



Sn 

Sb 

Te 

I 



(3.70) 

(2.95) 

(2.50) 

(2.16) 



Ionization of weak electrol3d}es, or the rupture of a covalent bond 
in the course of reaction, usually involves the intervention of coordina- 
tion processes, as a result of which the amount of deformation of one or 
both of the incipient ions is reduced. Coordination of a cationic (elec- 
trophilic) center with a donor will reduce its deforming power owing 

Pauling, J, Am. Chem, Soc., 49 , 771 (1927). 
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to the production of a more stable valence shell and to the dissemination 
of the residual positive charge; coordination of an anion with an 
acceptor center will reduce its deforming power and its deformability, 
since the residual negative charge and electron mobility are thereby 
diminished. 

Diethylzinc is not appreciably ionized in the pure state and is a very 
poor conductor, but its conductivity is increased greatly by the addi- 
tion of anhydrous ether, which is also a poor conductor. The effect of 
the ether can be attributed to the formation of etherates in which the 
deforming power of the cation (R — Zn)"^ is reduced. The alkyl anion, 
by coordination with unionized diethylzinc, can be converted also into 
a complex anion [RsZn]”, of greatly diminished deformability. These 
relations are shown in the equilibria given below; a similar situation 
occurs in the usual ethereal solutions of Grignard reagents, giving rise 
to solvated molecules of R 2 Mg, RMgX and MgX 2 , and to solvated 
ions such as [RMg + 3Et20]'^, [RsMg + Et20]~, etc. 


R2Zn + 2Et20 



R\ ✓OEt2 


2 >Zn< 

R/ \OEt2 


Unionized complex 


0Et2 

+ 

R 1 

1 


1 

R — Zn.— OEt 2 


R — Zn< — OEt 2 

T 


1 

OEt2 J 


R J 


Complex cation Complex anion 


The introduction of an acceptor molecule such as BF3 or Al(OEt )3 
can increase the ionization of an extremely weak acid such as ethyl 
alcohol. With reference to the ionization of acids Latimer and 

Rodebush^^ have made this statement: “ It is doubtful if the hydrogen 
nucleus ever gets very far away from one or more electrons . . . the 
ionization of acids, or extreme polarity of any compounds involving 
hydrogen, must be interpreted as due to the transfer of a hydrogen 
nucleus from one molecule to another, thus forming a complex ion.’^ 
The action of BF3 and similar acceptor molecules is shown in the fol- 
lowing equations : 

F 


R— 0— H + BFs 


R 

H 


^0— B— F 


Nieuwland and others, ihU., 52, 1018, 2892 (1930) ; 63, 3836 (1931) ; 64, 2017 (1932). 
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R 

\ 

/ 

H 


F 

HI 

•f 

F 

1 

/ 


\ 

•— B— F + R— 0— H 

R— 0 


R— 0— B— F 

1 

\ 


1 

F 

L HJ 


F 


Complex Complex 

cation anion 


The ionization of acids and bases, and reversible chemical reactions 
in general, may be considered from the same standpoint. Th(‘ comple- 
tion of a chemical reaction merely involves the occurrence of an ionic 
displacement that is not reversible under the influence and conditions 
of the environment. This may be illustrated by the behavior of ethyl- 
sodium toward ether. The ether facilitates ionization, as it does with 
diethylzinc, but the relative reluctance of sodium to take part in forming 
a complex anion leads to an attack of the ether by the alkyl anions. 
The resulting anionic complex is unstable and decomposes irreversibly, 
with the elimination of ethane and ethylene, to form the more stable 

1('2H5:]-+ C 2 H 5 — O— C 2 H 5 H— CH 2 — CH 2 — 0C2H5]~ 

^ C'aHo + C2H4 + [: 0 — C2H5]- 
lC2Hr,:]-+ CaHs— O— C gHs [C2H5->H— CH2— CH,— O— CeHs]" 

C2H0 + C2H4 + [: 0 — CoHs]- 

ethoxide anion. Ethylsodiurn attacks phenetole in a similar way and 
gives finally sodium phenoxide. 

In covalent links of the hetero atoms in Groups I, II, and III, per- 
manent acceptor activity will be limited primarily to the hetero atom 
itself but temporary acceptor activity may be conferred upon hydrogen 
in H — C links of an attached group by means of dynamic effects (+/j) 
and may be effective in the course of chemical reaction. "JTese effects 
will l)e expected to occur particularly with hetero atoms having low 
polarizability and furnishing a potential cation of high deforming power, 
such as 3-covalent boron.* In saturated alkyl derivatives of boron the 
+Id effect is opposite in direction from the permanent polarization but 
might become important when the attachment of a donor center to the 
boron atom itself is impeded for steric reasons. 

In the event that the atom attached to boron bears an unshared 
electron pair or a multiple covalent bond an electromeric shift can occur 

* The effective radius of the univalent boron cation has been estimated by Paiiling^^ to 
Iw 0.35 A; its deforming power should exc^eed that of any univ'alent cation except carbon 
(0.29 A), nitrogen (0.25 A), oxygen (0.22 A), fluorine (0.19 A), or hydrogen. 
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toward the boron atom, so that its electron deficiency will be diminished: 

ir-N ^ s 

R 2 B — 0 — C2H5 and R 2 B — C=C — R. If a vinyl group is present, the 

a ^ 

+E effect of boron will result in a transfer of the electron deficit to the 
heta-csLThon atom (see below, Hetero-enoid systems). If an aryl group 
is present, the effect in the ring is similar to that of a nitro or carboxyl 
group and will cause a diminution in the ease of substitution and favor 
meia orientation.^'^ 



The electromeric shift of an unshared electron pair from the adjacent 
atom toward boron should diminish the acceptor activity of 3-covalent 
boron; the fact that BF 3 is a more powerful acceptor than B(OC 2 H 5)3 
may be anticipated from the ability of the alkoxyl group to permit a 
greater electronic displacement ( — E toward boron) than fluorine does 

R— O— B > F— B. 

The stability of coordination complexes and the relative ease of 
ionic displacement within them are influenced by a variety of factors: 
the relative sizes of the donor and acceptor atoms, the spatial arrange- 
ment about the coordination center, the intervention of chelation and of 
resonance effects (tautomeric degeneracy). The ability of an atom to 
act as an acceptor is affected by the electronic and steric characteristics 
of the attached groups, and the number of additional covalent links is 
limited by the maximum covalence rule. However, an atom directly 
combined to one or more hydrocarbon radicals rarely forms a stable 
complex in which its valence shell is expanded beyond an octet. A few 
exceptions have been cited previously (p. 1611), e.g., R 3 PCI 2 , RAsCU, 
[CH 3 — TeH]', etc.; all of these have two or more halogen atoms 
attached simultaneously with the organic groups, and even in this 
favorable situation the systems show a strong tendency to revert to 
an octet. 

Some of the remarkable differences in behavior which are found in 
comparing elements of the first horizontal period with those in the 
second and higher periods of the same group can be explained on the 
basis of the ability of the larger atoms to (‘xceed a covalence of four 
as a transient intermediate step in their reactions (p. 1611). Certain 
other divergences have been accounted for by the hypothesis that an 


Seaman and Johnson, ibid., 53 , 711 (1931). 

Yabroff, Branch, and Almquist, ibid., 55 , 2936 (1933). 
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atom which is capable of becoming 6-covalent can assume, although it 
does not usually do so, a plane space-distribution of its valences (angle 
90°) in the 4-covalent state. Consequently such atoms would take 
part more readily in forming, and would give more stable, four-rnernbered 
rings than the corresponding atoms of the first horizontal p('riod. This 
may be the reason why boron, which is the only elenumt in Group III 
incapable of becoming 6-covalent, is also the only element in that group 
to form trihalides that are not polymerized.'^ A four-membered chelate 
ring structure for aluminum chloride (AI 2 CI 0 ) would be essentially 
strainless on this assumption (p. 1645) but a similar ring for boron 
trichloride would have a large strain if boron is restricted to the tetra- 
hedral configuration (angle 109°). 

An explanation of the high catalytic activity of the chloride and 
alkoxides of aluminum, and of the almost complete absence of similar 
properties in the corresponding boron compounds, may be sought along 
the lines outlined above. Owing to the limited knowledge of the effects 
of coordination upon the donor and acceptor centers, and the recognized 
complexity of the factors governing the behavior of coiirdination com- 
plexes, it is to be expected that detailed predications cannot be made 
upon a firm basis at the present time. Neverthek^ss the coordination 
hypothesis offers the attractive possibility of interpreting and correlat- 
ing a large number of important phenomena in a more precise manner 
and of regarding them as manifestations of the same fundamental 
principles. 

Class 2 (Group IV). In the organic derivatives of silicon and the 
elements of the B-subgroup of Group IV (germanium, tin, and lead), 
the permanent polarization and the polarizability effects will be in the 
same direction as that in the compounds of elements in Groups I, II, 
and III. Owing to the larger effective nuclear charges of the hetero 
atoms in Group IV, and the presence of an octet of electrons in the 
valence shell of the hetero atom, the magnitude of the — h effect and 
the polarizability will he smaller than that for the corresponding ele- 
ments of the earlier groups: C — Si < C — A1 < C — Mg < C — Na; 
C — Ge < C — Zn; C — Pb < C— Hg, etc. Within the fourth group 
the effects will increase toward the larger atoms: 

C— Si < C— Ge < C— Sn < C— Pb. 

In these links the tendency to yield alkyl anions will be relatively 
small and their reactivity will depend largely upon the ability of the 
hetero atom to act as an acceptor by a temporary expansion of its 
valence shell beyond an octet. The stepwise dealkylation of the 
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tetraalkyl derivatives by halogens, and the reactivity of these com- 
pounds in general, may be explained readily on this assumption. 

(CHs)4Pb + Brj -> (CH3)4Pb^Br— Br > (CH,)BPb— Br + CHr-Br 

shift 

(CH8)4Pb + H— Br -> (CH3)4Pb^Br— H - (CH8)8Pb— Br -f CH4 

The observation that the cleavage of analogous unsymmetrical deriva- 
tives of mercury and lead by means of hydrogen chloride gives 
the same products confirms the notion that the mechanism of reaction is 
essentially the same in both cases (p. 434). 

C 6 H 5 — Hg— C 2 H 5 + HCl C 2 H 5 — HgCl + CeHo 

(C(>H5)2Pb(C2H5)2 + 2HC1 -> (C2H5)2PbCl2 + 2 CgH6 

When electromeric effects can intervene these heteroatoms may 
exert a +T effect which will oppose the 7, effect, and the situation is 
similar to that outlined in the case of boron. Consequently, these 
hetero atoms may be expected to exert a meia directive influence (as 
well as ortho-para) in aromatic substitution reactions. The nitration 
of phenylgermanium trichloride (C 0 H 5 — GeCls) with fuming nitric acid 
at low temperatures has been found to give 58% of meta and 42% of 
para substitution;^^ under similar conditions phenylboric acid, 
C 0 H 5 — B( 0 H) 2 , gives 85% of meta and 15% of ortho substitution.^^ 
Using acetic anhydride and a minimum excess of nitric acid, phenyl- 
boric acid gives almost exclusively ortho substitution. This reversal 
of orientation may be attributed to an opposing, secondary effect in 
an addition compound of phenylboric acid with acetic anhydride.^® 
Wlien the weak +T effects of boron and germanium are reinforced by 
an appropriately situated methyl group, as in the p-tolyl derivatives, 
nitration occurs entirely in the meta position (with reference to Ge 
or B). 

The sharp difference in the behavior of the C — C link and the links 
C — Si, C — Sn, and C — Pb is due to the inability of carbon to expand 
its valence shell to a decet. The attack of a donor molecule must 
occur through an H — C link of a substituent group. The action of 
chlorine on neopentane results in a substitution process in one or more 
of the methyl groups (dehydrogenation) and not in a replacement of 
the alkyl group (dealkylation) such as occurs with tetramethylsilicane. 

Kharasch and Flenner, ibid., 64 , 674 (1932). 

Gilman, Towne, and Jones, Rec. trav. chim., 61 , 1054 (1932); J. Am, Chem, Soc.f 66 , 
4689 (1933). 

Shelton, Washington Meeting, Am. Chem. Soc. (1933). 
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(CH3)3C— CHa + CI2 ^ (CH3)3C— CH2— H<-C1— Cl 

-~> (CH 3 )aC— CH2CI + HCl 

(CH3)4Si + CI2 (CH3)4Si^Cl-Cl (CH3)3SiCl + CH3CI 

shitt 

C — C and C — H Bonds. In unsymmetrically substituted C — C 
links the permanent polarization is exceedingly small (except where 
powerful effects are introduced by the presence of active hetero atoms 
in adjacent links. Nevertheless, the behavior of aliphatic hydrocarbon 
systems indicates that definite directive influences are operative in the 
course of reactions. 

In saturated systems only inductive displacements (/^ and Id 
effects) are possible. The relative effects of the alkyl groups are sum- 
marized below: 

+/, H — > CH3 — > Primary > Secondary > Tertiary 

groups groups groups 

Relative Inductive Electron-attraction 

—It and Tertiary > Secondary > Primary > CH3 — > H — 

rb/d groups groups groups 

Relative Inductive Electron-release 
and Relative Polarizability 

The small permanent polarization of the link H — C will be diminished 
by the replacement of hydrogen by an aliphatic radical, owing to the 
ess(‘ntial equivalence of the effective nuclear charges in the atoms of the 
C— C link. Alkyl groups will have a permanent effect of electron- 
release ( — Is) relative to hydrogen, and the relative magnitude of this 
effect will increase as the number of hydrogens attached to C„ diminishes. 

In dealing with a specific reaction it is essential to formulate a 
definite reaction mechanism and to take into account the type of dis- 
placement that will facilitate or impede the necessary electronic change 
(i.e., the electrical demand of the reagent). Thus, in a series of alcohols 
the relative proton-escaping tendency in the link H — OR increases as 
the relative electron-attraction of the R groups increases, since a proton 
will escape more readily as the electron density in the OH residue is 
diminished: R — O — H. Consequently the proton-escaping ten- 
dency of the alcohols will be expected to follow the trend of effects; 
this is confirmed by experimental observations, which give the sequence : 

H — O — H > CH3 — O — H > Primary > Secondary > Tertiary 

alcohols alcohols alcohols 
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The tendency of these hydroxylic compounds to form dimers of the 
type H — OH<— OH 2 by intermolecular association falls off in the same 
direction and must be attributed largely to the diminishing acceptor 
activity of the active hydrogen. 

The capacity of the oxygen atom to act as a donor will be enhanced 
as electron-release by the R group increases since this augments the 
mobility of the unshared electrons in its valence shell. Consequently 
the tendency of the alcohols to form oxonium salts, or complex cations 
in general, should increase in the order: primary < secondary < tertiary 
alcohols. The oxonium complexes derived from the simple alcohols 
are highly active systems and their behavior involves a consideration of 
alternative courses of reaction (see pp. 1635 and 1636 for example): 
formation of olefins, alkylation reactions, simple ionization, etc. 

Coordination of the oxygen atom with a proton (or other acceptor) 
will result in a strong tendency to withdraw the electron pair of the link 

C — OH 2 . The mobility in the oxonium complex will allow a suitable 
approach of the donor center and the potential alkyl cation; reaction I 
is the result of an a, 7 -sliift within the complex. Reaction II requires 
the intervention of polarizability effects, which determine the tendency 
of an alkyl residue to separate from the complex as a free cation. The 
alkyl cations will be extremely unstable owing to the electron deficit 
(open sextet) of the alpha-carbon atom, and will revert to a more 
stable configuration by ejecting a proton and forming an olefin (or a 
cyclic structure). The effect of substituents upon the course of rear- 
rangements occurring in the dehydration of alcohols, and in many 

H 

a, y-sntfl 

C2H5— 0 -^H— X ^ C2H5— X + H2O 

Ti I 

[C2H5— 0H2]+X- -> [C2II5J+ C2H4 + H+ 

II 

similar processes, has been treated with remarkable success by 
Whitmore from the standpoint of the electronic configurations of the 
potential alkyl cations (p. 786). 

Interpretation of the behavior of organic systems containing an aryl 
group directly attached to a reactive center (CoHs — X), or separated 
from it by an aliphatic system (CgHs— CH 2 — X, (C 6 H 6 ) 2 CH — X, 
CeHs — CH=CH — X, etc.), involves a consideration of electromeric 
effects of aromatic groups and their interaction with other effects in 
the system and in the reagent. Experimental evidence supports the 

Wliitmore and collaborators, J. Am. Chem. Soc., 64 , 3274, 3435, 3448 (1932). 
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view that aryl groups can exert dynamic effects of either sign and are 
capable of activating electron-attraction or electron-release, depending 
upon the nature of the reaction. 

The ability of aryl groups to confer upon the attached atom an 
increased tolerance for an electrical charge of either sign is intimately 
associated with certain qualities represented by the term '' aromaticity.^^ 
The enhanced stability of the phenoxide and benzyl anions relative to 
their aliphatic analogs, and that of triarylmethyl cations relative to all 
other hydrocarbon cations, illustrate the intervention of dynamic effects 
of opposite sign. The dual polarizability effects may be attributed to 
the ability of the aromatic nucleus, by means of electromeric displace- 
ments in directions determined by the sign of the charge, to bring about 
a distribution of this charge primarily at the para and the ortho positions, 
and thence, by secondary inductive displacements, also to the meta 
positions, so that the residual atomic charge will ultimatel}^ be distributed 
over the entire system.^ Owing to the large number of possible posi- 
tions for a residual charge the stability of the ions is enlianced. Influ- 
ences of this kind (resonance effects) are significant in a number of 
organic compounds containing multiple bonds; the distinctive feature 
of aromatic systems (p. 1699) is their ability to compensate an elec- 
tronic deficit or an electronic excess with, nearly equal facility. 

Class 3 (Groups V, VI, VII). The single links encountered most 
frequently in organic reactions are those of carbon to nitrogen, oxygen, 
and the halogens. The distinctive feature of the electronic configura- 
tions of these links is the presence of one or more unshared electron pairs 
in the valence shell of the hetero atom. 

Owing to the higher effective nuclear charges of these hetero atoms 
relative to carbon, a permanent inductive displacement toward the 
hetero atom will take place in the typical single bonds (+/^ effect with 
reference to carbon). The magnitude of the permanent polarization, 
and the deforming power of the hetero atom as a potential anion, 
change in a regular manner with the position of the hetero atom in the 
periodic table. These characteristics increase as the effective nuclear 
charge of the hetero atom becomes larger, i.e., as the atom moves to 
the right within each period — N < O < F, P < S < Cl, etc. The 
diminution of effective nuclear charge with increasing atomic radius 
causes the inductive effects to decreirse within each group, in passing 
to the higher periods — F >C1> Br>I, N> P> As> Sb>Bi, etc. 

The deformability of the hetero atoms and the tendency of their 
unshared electron pairs to engage in electromeric effects (or donor activ- 
ity) are properties related to the mobility of the electrons in the valence 
shell. These characteristics have an inverse relationship to the polariza- 
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tion effects of the hetero atoms and increase in the opposite direction. 
The mobility of unshared electron pairs decreases in going from left to 
right within the periods — N >0>F; P>S>C1; etc. Within 
each group the electron mobility increases in passing into the higher 
periods — I > — Br > — Cl > — F; — Sb > — As > — P > — N; etc. 

In saturated aliphatic systems donor activity is restricted to the 
hetero atom itself, but in unsaturated systems may be transmitted 
through an intervening chain (see hetero-enoid systems) . Many of the 
typical reactions of the hetero atoms in Groups V, VI, and VII occur 
through coordination with an acceptor center of the reagent; a few 
examples are indicated briefly in the following equations: 

R3N+ H-Br. > IR3N— ►H-Br] ► [RgN-H]''’ Bf 

R~OH+ H~Br >-[r- 0 -^H“bJ R~Br+ H^O 


R-Br + .K^[bCH^“ ^ [R-Br-^KVoCH^ > R-O-CH3 + K*‘+ Br“ 

The permanent polarization effects of these hetero atoms will tend 
to create an active center of low electron density (acceptor activity) in 
the system. The introduction of chlorine or ethoxyl in a hydrocarbon 
chain increases the electron deficit of the carbon to which it is linked 
(relative to H — C). This deficit is overcome in part by secondary 
inductive displacements in adjacent links, and by a similar mecha,nism 
is transmitted with successive diminutions to more distant atoms in the 
system. 

a b a b c 

X— C— H + CI 2 [X— C— H^Cl— Cl] X— C— Cl + HCl 


As a result of the inductive effects of chlorine and oxygen, alkyl halides 
and ethers will react with donor reagents more readily than the parent 
hydrocarbons, and will undergo direct substitution preferentially on the 
alpha carbon atom. The presence of two hetero atoms in close prox- 
imity in an organic system will lead to an enhanced reactivity of the 
system; the result of a reaction in these systems will involve the inter- 
vention of polarizability effects, steric factors, etc. 


CH2=CH— OC 2 H 6 + HCl 

CH 3 — CHCl— OC 2 H 5 


CHs— CHOH— OC 2 H 6 ^ CHa— CH=0 + CsHg— OH 
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The inductive effects of halogens and hydroxyl and alkoxyl groups 
result in an increase in the strength of the acid when these substituents 
are introduced into an aliphatic system containing the carboxyl group. 
By means of a logarithmic function based upon the ionization constants 
of a series of substituted acids, Derick developed certain generaliza- 
tions concerning the influence of the substituent. If the inductive 
effect of a halogen atom in the alpha position is taken as unity, its influ- 
ence in the beta, gamma, and delta positions in the isomeric acids is 
and -^^ 7 , respectively. More recently Hixon, Johns, and 
their collaborators^^ have shown that the polar properties of an 
extended series of organic compounds including R — OH, R — CO 2 H, 
R — CH 2 — CO 2 H, R — NH 2 , R — HgX, and others, can be expressed as 
an exponential function of an arbitrary number representing the “ elec- 
tron-sharing ability ” of R (provided R does not contain polar groups). 

In the saturated aliphatic derivatives of nitrogen, oxygen, and 
fluorine, the participation of the hetero atom in coordination processes 
is limited to donor activity since their valence shells are restricted to an 
octet. In appropriate unsaturated and aromatic structures the donor 
activity may be transmitted through a chain of covalent bonds (see 
Hetero-enoid systems). Atoms of the second and higher periods can 
expand their valence shells beyond an octet, although they rarely form 
stable organic compounds with an enlarged valence shell. The capacity 
of these atoms to expand their valence shells, and the instability of the 
resulting configuration, suggest that under suitable conditions the 
mechanism of their reactions may involve acceptor activity of the 
hetero atom. This premise may be used as the basis for an explanation 
for certain distinctive reactions of the atoms within a given periodic 
group (see pp. 1611-1613); this view is supported by a good deal of 
indirect evidence. 

Owing to the fact that the permanent polarization effects of tl.ese 
hetero atoms enhance the acceptor activity of adjacent atoms, it seems 
probable that acceptor activity of the hetero atom itself is associated 
largely with polarizability factors. It is observed that the general 
tendency to expand the valence shell beyond an octet is more prominent 
in the larger atoms and follows the trend of polarizability effects. The 
greater capacity of iodine to behave as a relatively positive atom in 
its reactions affords an illustration of this trend. 

Derick^ ibid., 33, 1162, 1181 (1911). 

Hixon, Johns, and collaborators, ibid., 49 , 1786 (1927); 50 , 168 (1928); 63 , 4367 
(1931); 64 , 3971 (1932); J. Phys. Chem., 34 , 2218, 2226 (1930). 

Nicolet and collaborators, J. Am. Chem. Soc., 43 , 2081 (1921); 49 , 1796, 1801, 1806 
(1927). 
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R— Cl (and R— Br)+H— OH [R— OH] R— OH + HCl 

shift 

R— I + H— OH R— I-^H— OH -» R— OH + HI 

R— I<h-OH2 — ^ R— H + HOI 

shift 

One may anticipate that the influence of substituents upon the 
normal reactions will be reversed for “ abnormal reactions, and this 
appears to be true. The reactivity of n-propyl chloride in a typical 
metathetical reaction is much greater than that of isopropyl chloride, 
but in an “ abnormal reaction, such as the formation of alkyl chlorides 
from the iodides and mercuric chloride, isopropyl iodide reacts at least 
fifty times more rapidly than n-propyl iodide.®® 

A comparison of certain reactions of the alkyl derivatives of arsenic, 
antimony, and bismuth with those of the corresponding elements of 
Group IV (tin, germanium, and lead) affords an interesting illustration 
of the influence of polarizability effects upon chemical behavior. The 
formation of salts of the type [(CH 3 ) 4 Sb]+Cl“ may be taken as a char- 
acteristic reaction of the elements of Group V (B-subgroups) ; the 
removal of the alkyls by means of halogens is a typical reaction for the 
elements of Group IV, and earlier groups. The first reaction occurs 
readily when the alkyl derivatives of arsenic or antimony arc treated 
with an active alkyl halide, but the alkyl bismuthines behave differ- 
ently. Trimethylbismuthine reacts with methyl iodide upon warming 
but it yields ethane and methylbismuth di-iodide instead of a bismuthon- 
ium salt. ®^ In this respect the bismuthine resembles alkyl derivatives 
of zinc and mercury rather than those of arsenic and antimony (p. 1669). 

The anomalous behavior of the bismuthine suggests that the nature 
of the reaction is altered by a difference in the relative polarizability 
effects of antimony and bismuth with reference to iodine. The behavior 
of the reactants may be influenced by mesomeric effects and by elec- 
tromeric effects within the complex. In the present instance it may be 
assumed that both reactions involve the coordination of iodine with 
antimony or bismuth but the initial complex can exist in two different 
active configurations (represented by I-IV). In one pair of these 
the iodine has an expanded valence shell (I and III), and in the other 
antimony and bismuth have expanded valence shells (II and IV); in 


Nicolet and Potts, ibid., 50 , 212 (1928). 

Breed, Ann., 82 , 106 (1852); Diinhaupt, Ann., 92 , 371 (1854); Marquardt, Ber,, 
20 , 1516 (1887); 21 , 2035 (1888). 
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the formulas given below, the atom with an expanded shell is indicated 
by the direction of the arrow in the complex. 

^ (I) R 3 Sb->I— CH 3 [R4Sb]+I- 

(II) RsSb^-I— CH3 R2SbI + R— CH3 

(III) R 3 Bi->I— CH 3 -4 [R 4 Bi]+I- 

unknown 

(IV) RaBi^I— CHa -4 R2BiI + R— CH3 

excess CH3I 

R— Bil2 + R— CHa 

The course of the reaction appears in either instance to involve a 
stabilization of the more labile active form, leading to systems in which 
all the atoms have a normal valence shell. The active form of types I 
and III will be more labile in the stibine than the bismuthine, owing to 
the relatively smaller tolerance of antimony for a positive charge 
(smaller atomic radius). The effective nuclear charge of antimony is 
greater than that of bismuth, and the difference in effective nuclear 
charge between antimony and iodine is less than bismuth and iodine; 
consequently an a,/3-shift of the potential alkyl anion occurs more read- 
ily from iodine to antimony than to bismuth. 

The reaction of the bismuthine probably occurs through the active 
form IV, in which the high mobility of the expanded valence shell of 
bismuth facilitates separation of an alkyl anion; the larger atomic radius 
of bismuth allows a closer approach of the potential alkyl anion and the 
positively polarized alkyl group than the corresponding complex from 
the stibine. The view that the bismuthine reacts by way of the com- 
plex IV, rather than III, is consistent wdth the general resemblance of 
bismuth to the metallic elements in the earlier periodic groups ; typical 
organometallic compounds could not give rise to a complex of type III 
since no unshared electrons are available. 

In their behavior toward the free halogens, there is a certain resem- 
blance betw^een the alkyl derivatives of the elements of Group V and 
Group IV. Phosphorus, arsenic, and antimony form halides of the 
type R3PCI2, R2PCI3, and RPCI4, which are generally stable enough to 
be isolated. Upon warming, they tend to undergo dealkylation and 
yield products similar to those obtained by the action of halogens on 
the alkyl derivatives of the elements of the earlier groups. The normal 
form of the pentavalent chlorides of the fifth group elements is probably 

heat 

RsAs + CI2 R3ASCI2 > R2ASCI + R— Cl 

R^Ge + CI2 [R4GeCl2] > RsGeCl + R— Cl 
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that in which the central atom is 5-co valent; their stability relative to 
the corresponding compounds of the earlier groups is due to the higher 
eflFective nuclear charge of the central atom. The bismuth alkyls are 
decomposed directly by halogens, but the tri-aryl derivatives form 
stable, crystalline dihalides of the type R 3 BiCl 2 . 

Hydrolysis of the 5-covalcnt dihalides gives oxygen compounds in 
which the central atom reverts to an octet. The central atom is 
undoubtedly only 4-covalent in the normal forms of the arsine-oxides, 
arsinic, and arsonic acids (and in the corresponding derivatives of phos- 
phorus and antimony). 

Multiple Covalent Bonds. When there are not enough electrons 
in a molecule to provide each atom with its stable octet by the process 
of forming single covalent bonds, two contiguous atoms may share a 
second or third pair of electrons. The extent of this sharing is by no 
means so complete or unambiguous as in the single bond; furthermore, 
the ability to share a second or third pair is almost entirely limited to 
carbon, nitrogen, and oxygen. ^ This property appears to be associated 
with the helium configurations of these atomic kernels; the double 
bonds of phosphorus, sulfur, and other elements of Groups V, VI, and 
VII, outside the first period, arc usually coordinate links. The behavior 
of systems represented for convenience by formulas such as Si 02 , 
R — Si02H, R — Ge02H, etc., is consistent with the view that these sub- 
stances are actually polymerized in the normal state and would be more 
accurately represented as giant molecules. In the case of boron in 
the alkyl boric oxides, R — B=0, the polymerization gives a cyclic 
trimer analogous to the trimeric aldehydes.^® 


OH 

OH 

OH ^ 

OH 

1 

R_Ge=0 ^ H— 0- 

1 

— Ge — 0 — 

1 

R 

1 

— Ge— 0— 

1 

R J 

— Ge— 0- 

n R 1 


Giant Molecule (linear polymer) 


^B— R 

y 

R 

Cyclic trimer 


Johnson and Snyder, Organic Chemistry Symposium, Rochester (1936) ; see, also 
Kinney and Pontz, J. Am. Chem. Soc., 68, 197 (1939). 
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Lewis ^ pointed out that the sharing of more than one electron pair 
by two atoms represents, because of the mutual repulsion of the nuclei, 
a point of weakness or condition of strain in the molecule, and this tends 
to keep the system from settling into a state of high stability and low 
electron mobility. Furthermore, the formation of a multiple bond is 
accompanied by a diminution of the internuclear distance'; this amounts 
to about 10 per cent for a double bond and 20 per cent for a triple bond. 
He drew the conclusion that the properties of substances with multiple 
bonds are due to an extent of sharing of two or three electron pairs 
which is probably less than that indicated in the usual graphic formu- 
las; but the sharing must be assumed to have some physical reality in 
order to account for the existence of geometrical isomerism and similar 
steric phenomena. 

True covalent multiple bonds of the types A=B and A=B are 
regarded as capable of existing in an inactive form in which both atoms 
have a valence octet, and a reactive form in which electromeric displace- 
ment of an electron pair creates an electron deficit in the valence shell 
of one atom (an open sextet) and an increased electron mobility in the 
oth('r. The typical states of a double and triple bond may be repre- 
sented in the following manner (see, also, p. 1618): 

A^B ^ A=B ?=> A^ 

A=B A=B A=B 

Activated state Normal state Activated state 

The symmetrical active forms that would result from a rupture of 
the binding pair would give each atom only seven electrons. It seems 
quite improbable that this mode of activation is significant in the typical 
reactions of unsaturated systems. Lewis has expressed the view that 
the pairing of electrons (‘^ rule of two is even more fundamental than 
the octet rule, and that a substance containing unpaired electrons would 
be far more reactive than ethylene actually is. 

The active forms are assumed to be extremely mobile and capable 
of only momentary existence, so that their concentration is always small; 
owing to the reversibility of the electromeric displacement there is equi- 
librium between the active and inactive forms. If A and B are dif- 
ferent atoms, then, in the activation process, the atom having the higher 
effective nuclear charge will tend to retain the electron pair and the 
atom having the smaller nuclear charge will become the deficient atom 
in the active form. The direction of addition of unsymmetrical addenda 


Carothers, ibid.f 46 , 2226 (1924). 
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(HX, RMgX, etc.) will be highly selective and will be determined essen- 
tially by the electronic configuration of the dominant active form,®® 

R2C=0, R2C=^H, R— C^. 

Since the two atoms remain attached by one covalent link (two in the 
triple bond) the deficient atom never gets far away from the displaced 
electron pair. 

The electromeric displacement will affect the remaining covalent 
links (shared electron pairs) and the mobility of unshared electrons pairs 

in the entire system. The displacement A=B will increase the donor 
activity of B and will have a dynamic effect of electron-release in the 
covalent links of B with a substituent. This dynamic influence can be 
effective in chemical reactions only through unshared electron pairs or 
other multiple bonds in the substituent; it can interfere with the 
acceptor activity of B or its substituents only by promoting a dif- 
ferent course of reaction. Electron withdrawal by B will increase 
the acceptor activity of A and the atoms or radicals attached to A, and 
will facilitate their reactivity toward a donor reagent. Thus, a carbonyl 
group will increase the proton-escaping tendency of the system into 
which it is introduced; it enhances the ease of substitution in saturated 
systems and gives a more definite orientation to the substitution process 
(ct > > 7 , etc.). 

It must be noted that the electron attraction of a carbonyl group (or 
other multiple bond) does not impede the separation of an anion from 

the alpha carbon atom in a system such as Cl — CH 2 — A=B; in fact, 
it can facilitate the elimination of the potential anion (i.e., replacement 
by another) by an indirect process such as that indicated below. 



In an aZp/ia-halogenated ketone the electromeric effect of oxygen, 
and the transmitted inductive effect due to the halogen, enhance the 
electron deficit of the carbonyl carbon. Under appropriate conditions 
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the deficient carbon will coordinate with a donor, such as trimethylamine 
or an ethoxide anion, to form a neutral complex or a complex anion. 
In either case the oxygen has a high residual negative charge resulting 
from the acquisition of the electron pair of the double bond; the elec- 
tromeric effect will tend to be reversed and the elimination of halide ion 
from the complex is facilitated. As this occurs the entering donor center 
becomes linked to the alpha carbon.* The effect of the reversed elec- 
tromeric displacement will diminish rapidly as additional CH 2 groups 
intervene between the halogen and the carbonyl group. 

In many instances, reactions of the typical systems such as C=N, 
N=0, and C=0, involve a preliminary coordination in which nitrogen 
or oxygen acts as a donor; this process facilitates withdrawal of the 
electron pair from the adjacent atom in the link and also increases the 
mobility of the potential donor center in the reagent molecule. The 
reactions of these systems with Grignard reagents has been inter- 
preted in this way (p. 1649) ; the normal reactions involve an a, 7 -migra- 


OEt2 OFA 2 OEt2 

CHs— Mg— Br 4- -► RjC^O— Mg— Br R 2 C— O— Mg— Br 

i i. I T ■ 

OEt2 CHj CH, OEtj 


tion of the potential organic anion to the deficient atom of the unsatu- 
rated system. The fact that ethylenic and acetylenic bonds do not 
react with Grignard reagents is indicative of the importance of unshared 
electron pairs of nitrogen and oxygen in the activation mechanism. 

The extent of electromeric displacement in the systems A=B and 
A=B, under a given set of conditions, will increase as the opposed nuclear 
charges become greater and for a given compound will be influenced by 
such factors as the tempf'rature, concentration, characteristics of the 
medium, catalysts, etc. This permits an explanation of the difference in 
reactivity of different multiple bonds under the same conditions, and of 
the same multiple bond under different conditions. The susceptibil- 
ity of a system to perturbing influences of substituents (internal factors) 
and of external factors will increase as the difference in opposed nuclear 
charges becomes smaller, and therefore reaches a maximum when A 
and B are the same element. In systems such as Ra — HC=CH — Rb 
and Ra — N=N — Rb, the configuration of the active form will depend 
upon the relative influences of the substituents Ra and Rb, and both 

* The formulas given above do not take into account the intervention of the cation, 
the possibility of chelation within the complex, and other influences which may play an 
important part in certain cases. It is obvious that if the group R can itself be eliminated 
as an anion, as in Cl — CO — CH2CI, the complex anion indicated above would yield an 
ester instead of the ethoxy ketone. 
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active forms may result. In general these systems exhibit a definite 
orientation in their addition reactions ; the process of activation involves 
the interaction of polarization and polarizability effects of the substituent 
and the multiple link under consideration. 

The inductive effect (electron-attraction) of the hetero atoms nitro- 
gen, oxygen, and halogens, in their links with carbon, will facilitate a 
reaction involving the enhanced acceptor activity of 1-covalent hydrogen 
in the attached system, but their clectrorneric effects of electron-release 
(— £') will foster a dynamic displacement in the opposite direction (see 
Hetero-enoid Systems). Consequently, in the orientation of addition 
reactions only the —E effect will be significant. The inductive effect 
of alkyl groups (electron-release relative to hydrogen) will also be of 
assistance in the orientation process. For similar reasons the induc- 
tive electron-release of an atom such as boron will be opposed by its 
capacity to exert a dynamic effect in the opposite direction. The antici- 
pated orientation in the addition of an unsymmetrical reagent is indi- 
cated below for several cthylenic systems. 

Br— CH^Hs + H— X Br— CHX— CH3 

CH3 + H— X CH3— CHX— CH3 

Br— CH2— CH=^H2 + H— X Br— CH2— CHX— CH3 

r6— CH^H2 + H— X RO— CHX— CH3 

(Pc— CI&CH2 + H— X -> 0 =C— CH2— CH2X 

Recent work of Kharasch and his associates ^ supports the notion that 
the normal addition of hydrogen bromide to the first three of these 
systems follows the course indicated, but it was observed that the 
presence of minute amounts of active substances such as peroxides can 
suffice to bring about the formation of a large proportion of the isomeric 
product. The fact that thiophenols usually add exclusively in a direction 
opposite to that of most reagents illustrates the ability of the addendum 
itself to influence the process. It is not unlikely that the normal 
active form dominates in these anomalous cases and the mechanism of 
the addition process is altered. 

The orientation of addition reactions of unsymmetrical olefins and 
acetylenes involves the relative effects of electron-attraction and elec- 

Kharasch and collaborators, ibid., 66 , 2468, 2521, 2531 (1933); 66 , 712, 1212, 1243, 
1425, 1642 (1934); 68 , 57 (1936); J. Soc. Chem. Ind., 64 , 939 (1935). 

Posner, Bcr., 38 , 646 (1905) ; Ashworth and Burkhardt, J. Chem. Soc., 1791 (1928); 
Carothcrs, ./. Am. Chem. Soc., 56 , 2008 (1933). 
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tron-release in the hydrocarbon substituents. In the aliphatic series 
the relative electron-attraction diminishes as the number of hydrogen 
atoms on the aZp/ia-carbon is reduced: CH3 > C2H5 > primary > 
secondary > tertiary groups. All these groups have an effect of elec- 
tron-release relative to H — C, consequently the principal active configu- 
ration of an unsaturated hydrocarbon will be that in which the elec- 
tromeric displacement occurs toward the carbon bearing the larger 
number of hydrogen atoms. The addition of reagents such as H — X 
and X — OH will tend to occur in such a way that the donor center of 
the reagent unites with the carbon atom bearing the larger number of 
alkyl groups (cf. Markownikoff’s rule). The predominating active 
forms of several hydrocarbon systems are indicated below; the observed 


CH s~-C=CH— CHa CH 3— C=CH 

I 

CHa 

CHa— CH2— CH-Q:H— CHa + H— Br 


CeH,— CH=CH2 C6H6--C=C— H 


[ CHa— CH2— CHBr— CH2— CHa 
I (78 per cent) 

I CHa— CH2—CH2— CHBr— CHa 
(22 per cent) 


(normal) additions of these systems support the anticipated selective 
activation. In the case of pentene-2, containing the two similar alkyl 
radicals methyl and ethyl, it was found that addition of hydrogen 
bromide gave a mixture of the isomeric alkyl bromides in which the 
normal product predominates, i.e., 78 per cent of 3-bromopentane to 22 
per cent of 2-bromopentane. ^ ^ In the addition reactions of arylated 
systems such as styrene and phenylacetylene, the phenyl group has an 
effect of electron-release relative to hydrogen; the electron-attraction 
of aryl groups facilitates substitution in the unsaturated side chain 
but does not contribute to the orientation of addition reactions. Tri- 
phenylethylene, for instance, forms with bromine an unstable addition 
product which decomposes readily to give triphenyl vinyl bromide. 

Different opinions are held concerning the intimate mechanism of 
addition reactions of the olefins. Ingold and Robinson consider the 
addition of hydrogen halides, halogens, and other typical reagents to 
be initiated by the union of a positive atom (acceptor or electrophilic 
center) of the addendum with the atom acquiring the unshared electron 
pair in the activated form of the olefin. Carothers^'^*"^ has expressed 
the view that the first step is the completion of the electron deficit in the 
valence shell of the positive atom in the active form of the olefin, by 
means of an unshared electron pair of the addendum. So far as the 

Lucas and Moyse, ibid., 47 , 1459 (1925). 

Carothers and Berchet, ibid., 55 , 1628 (1933). 
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addition reactions of simple olefins are concerned, the same final product 
would be anticipated from either view of the intimate mechanism of the 
process. 


H 

H— 
H— C 


R 



H 

HC H 



R 


Olefins and carbonyl compounds exhibit a rather definite contrast in 
their behavior toward chemical reagents (p. 542). Olefins add halogens, 
halogen acids, nitric and sulfuric acids, ozone, per-acids (R — CO 3 H), 
and oxyhalogen acids; they Jo not? react with ammonia and its deriva- 
tives (RNH 2 , NH 2 OH, NH 2 — NH 2 ), alcohols, alkalies, cyanides, and 
Grignard reagents. The carbonyl compounds, on the other hand, 
undergo reaction with the latter group of reagents. Largely because of 
such differences in the f^icile type of reactivity. Ingold and Robinson 
regard the olefins as nucleophilic (donors) relative to the reagents, and 
the carbonyl compounds as electrophilic (acceptors). This view appears 
to rest upon the assumption that the ability of oxygen to contribute to 
the activation process by means of its unshared electron pairs is trivial 
in relation to the reactivity of the carbonyl compounds; but in the 
activation of an olefin the electronic excess of one carbon atom is 
assumed to be responsible for the ultimate acceptor activity of the other. 

Robinson considers that for an equal degree of electronic excess 
or defect, any carbon atom is much more active in the former condition 
and that the extent of electromeric change (“ activation level nor- 
mally found in olefins is not sufficient to initiate reaction with a donor 
reagent. Addition reactions are regarded in this way: “When the 
anionoid (donor) C(mter is an olefin which begins to donate electrons to 
an external molecule, the electromeric change will naturally take a 
further step, and an adequate defect of electrons on the second carbon 
of the pair is established and real kationoid (acceptor) activity becomes 
possible. The contribution of external acceptor and donor centers in 
the activation of olefins and carbonyl compounds may be expected to 


Robinson, J. Soc. Dyers Colourists, JuhUee Issue, 66 (1934). 
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vary with the environment; in either case the seat of unsaturation in 
the activated form must be the incomplete valence shell of the deficient 
atom. 

In systems containing covalent triple bonds the theoretical consid- 
erations are essentially the same as those applied to the olefins. The 
addition reactions of acetylenes and of nitriles indicate that the dom- 
inant active forms are those anticipated. 


R— C^CH + HOH 5!^ R— C(0H)=CH2 R— CO— CHs 
R— CsC— H + H— OCRs R— C(0CH3)=CH2 R— CCOCHs)^— CH, 

R— C=CH + HBr ). R— CBr=CH 2 


R— Csi-N + HOH > R— C(OH)=NH 

R— C=N + HX > R— CX=NH 

R— C=N + R— MgX > R2C=N— MgX 


R— CO— NHj 


The diazonium cations and acetylide anions, [R — N=N]+ and 

a /S 

[R — C=C — ]~, afford examples of the effect of ionic charges upon the 
configuration of the active forms. In the diazonium cations the large 
residual positive charge of the 4-covalent nitrogen tends to bring about 
withdrawal of an electron pair from the multiple link and to create an 
electron deficit on the jS-nitrogen. Under appropriate conditions an 
active donor may add at this seat of unsaturation and give rise to diazo 
structures (a). On the other hand, under certain conditions unstable 


(a) [R— N=N]++ NH2— CelL R— N=N— NH— C6H5 + H + 

(0 [R->-N=N]+Cl- + CuCl [R-^-No— CuCbl R— Cl + N 2 + CuCl 

(c) [R—cic— ]- + 2H— OC 2 H 6 — R— CH=CH— OC 2 H 5 + [C 2 H 5 O]- 

complexes can be formed in which the strong electron-attraction of the 
positively charged center will facilitate migration of an organic cation (6). 

In the acetylide anions the high electron density of the terminal car- 
bon will favor electron-release, and the direction of the electromeric 
effect may be expected to be the reverse of that in the acetylene itself. 
Indeed, the orientation of the addition of alcohols to acetylenes is 
reversed in the presence of strong alkalies (c) . 

The covalent triple bonds in carbon monoxide and the isocyanides 
are of an unusual type, owing to the presence of an unshared electron 
pair on the carbon atom in the normal state of the molecule. ” ^ The 
strong electron-attraction of oxygen or nitrogen will tend to create an 

Hammick, New, Sidgwick, and Sutton, J. Chem. Soc., 1876 (1930); Sidgwick, 
Chem. Rev., 9 , 77 (1931). 



1678 


ORGANIC CHEMISTRY 


electron-deficit on the carbon atom and facilitate its coordination with 
a donor center. In the resulting complex an acceptor center may then 
migrate to the unshared electron pair of the carbon (a, /3-shift), and the 
net result is that both fragments of the addendum become attached to 
the carbon atom. 


:ciO: + CI 2 -> r Cl— C1-^C=0: 1— ^— > Cl— C=0 

. f , L .. .. j sh 


d- 5+ 

:C^: + [OH]- [ 

:CA— R + H— OH 


shift 


Cl 


H— 0 - 


-0-0:] 


1 - 

? 

0 

11 

0 

— ^ 

1 

J 

H 


H— 0— C=N— R 

I •• 

H 


H— 0— C=N— R 
H 

II a,7-8hift 

0=CH— NH— R 


The physical properties and reactions of these systems indicate that 
carbon atoms which have been represented as bivalent in the conven- 
tional formulas actually have a complete valence octet made up of a 
triple covalent link and an unshared electron pair. 


POLYFUNCTIONAL ELECTROMERIC SYSTEMS 

The union of two or more centers that are capable of taking part in 
electromeric displacements may give rise to systems of diminished 
reactivity owing to internal compensation, or of enhanced reactivity 
resulting from the concurrence of the effects. The direct attachment 
of one or more unsaturated units, such as — CH=CH — or — C=C — , 
to an active donor or acceptor center permits a transmission of the 
activity to another atom in the system. Thus, the acceptor activity of 
the carbon atom of a carbonyl group or olefin may be transmitted to 
the /3-atom of an attached or unsaturated system; the donor activity 
of oxygen or nitrogen may be transferred in a similar way to the /3-carbon 

6^CH-^=CH2 ch^ch-^^ch^ch— r 

a p 

h 6^CH=^^H— R HaN^CH^^H— R 

in an attached group. The 1,4-addition reactions of a,/3-unsaturated 
carbonyl compounds and of 1,3-dienes are familiar examples of the 
first type; the carbon alkylation of ethyl acetoacetate and /3-aminocroto- 
nate illustrate the second type. 
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Vinylogous Systems. Fuson^^ has formulated the following gen- 
eralization concerning the propagation of the influence of a functional 
group along an unsaturated chain: Wh(m, in a system of the type 
X — Y=Z or X — Y=Z, a structural unit of the type — (C=C)— is 

1 I 

interposed between X and Y, the function of Z remains qualitatively 
unchanged but that of Y may be usurped by the carbon atom attached 
to X. It is proposed to term such a group of compounds a vinylogous 
series, and the members of the series vinylogs of one another. Thus, 
acetaldehyde, crotonaldehyde, and sorbic aldehyde may be regarded 
as a vinylogous series, where X is CH 3 , Y=Z is — CH=0, and n = 0, 

CHs— CH=0 CH3-!-CH=CH-|-CH==0 CH8-j-CH==<;H— CH==CH-iX:H=^ 

1 , and 2. Evidence of the effect of the carbonyl group on the terminal 
methyl groups in crotonaldehyde and sorbic aldehyde is shown by their 
ability to undergo aldol condensations forming the higher members of 
the series. Likewise, ethyl crotonate and sorbate undergo condensation 
with ethyl oxalate in a manner similar to the reaction of (dhyl acetate. 

CH 3 — (CH=CH)n— COaEt + COaEt CO— CH 2 — (CH=CH)n— COjEt 

(!^02Et (il502Et 

In disubstituted aromatic derivatives of the type A — CgH 4 — B, the 
ortho and para compounds will have a vinylogous relationship to the 
system A — B, but the meta isomer will not be a vinylog of A — B. Thus, 
the methyl group of 0 - and p-nitrotoluene is activated, resembling 
CH3 — NO 2 , but that of m-nitrotoluene is not. 

CH3— NO 2 CH3— C=C— NO 2 CH3— C=CH— CH=C— NO 2 

/ \ \ / 

HC CH CH - CH 

\ ^ 

CH— CH 

Hetero-enoid Systems. The combination of a hetero atom such as 
nitrogen, oxygen, or sulfur (in their lower covalent states) with an 
unsaturated system by means of a single link is termed by Robinson a 
hetero-enoid system. In these structures the hetero atom tends to 
increase its covalence with the a-carbon of the unsaturated system, and 
as a result the donor activity (seat of attack for acceptor reagents) 
may be transmitted to the /3-carbon atom. 


H2l^C^^ + CH3— X [H2N=C— C^CHsl+X- 

Fuson, ibid., 16 , 1 (1935); see, also, Chap. 6, p. 544. 
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Activation of the o- and p- positions of the aromatic ring toward 
acceptor reagents, by substituents such as — OH, — OR, — NH 2 and 
the halogens, may be attributed to the transmission of the donor activity 
of these hetero atoms. 

The effectiveness of the hetero atoms in increasing the degree of 
polarization of the /S-carbon varies inversely with the number of unshared 
electrons (N > 0 > halogens) and the effective nuclear charge 
(I > Br > Cl). As a practical guide Robinson gives the following 
rule: if a series of bases X— H, X'— H, X"— H, is arranged in order of 
diminishing proton affinity then the systems X — C=C, X' — C=C, 
X" — C=C, are arranged in order of diminishing polarization and of 
diminishing donor reactivity exhibited by the carbon atoms. Nega- 
tively charged groups as in the phenoxide and enol anions will occur at 
the top of the scale of effectiveness, but the participation of the hetero 
atom in some other conjugated electromeric system (involving its 
available electrons) will diminish its effectiveness. The order of effec- 
tiveness will therefore be: 

— NH > — 6 > — NH2 > OH > — 0— CO— CH3 > — I > —Cl 
— NHCH3 >— NH2>~NH— CgH 5>— NH— CO— R>— NfCO— R)2 
— S— CH3 > — 0— CH3 > — 0 — CgHs > — 0— CO— R > — (SR2) + 

The hcterocycles of aromatic type (p. 62) such as pyridine, thiophene, 
furan, and pyrrole may be regarded as hetero-enoid cycles. 

Neutralized Systems. The union of a donor and acceptor center 
may be expected to result in a diminished reactivity of the system owing 
to internal compensation. This effect is evident in the union of the 
carbonyl group with donor systems such as — OH and — NH 2 . In a 
series of systems of the type X — C=Y, when Y is kept constant, the 
strength of the internal effect will depend upon the electron-release of 
X, and will correspond to the following sequence: 

o— c=0 > R 2 N— C=0 > RO— C=0 > Cl— C=0 » H— C=0 

I I I I I 

In the carboxylate ion the transference is equivalent to half an electron, 
since the mesomeric form of the anion is symmetrical with respect to the 
oxygen atoms. 

The transition for the carboxylate anion involves merely the dis- 
placement of an ionic center, but that for formally neutral systems 
(amides, esters, acyl halides) requires the creation of an electrical dipole. 
The mesomeric effect is therefore much less than that required for a 
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completed interchange. Physical evidence indicates that the order of 
magnitude of the mesomeric polarization of formally neutral systems is 
actually about one-tenth of that required for complete polarization. 
The effect of the whole group X — C=Y upon a system attached at C 
and the neutralization effect within the group are opposed to each other. 
Consequently the permanent positive polarization (and the acceptor 
activity) of the carbon atoms in these systems is the reverse of the 
above sequence. 

If X remains constant and Y is varied, the extent of internal neu- 
tralization will be determined by the -\-T effect of Y. This may be 
illustrated by the following series: 

R2N-^=^R2 > R2N^C=3) > R2N^C=^R 

In this instance the acceptor activity of the carbon atom follows the 
same sequence and is not reversed, since the effect of R 2 N — remains 
constant. 

The effect of variations in the central atom may be shown by a com- 
parison of structures represented by the general formula X=Y — X, 
where X is oxygen and Y is carbon, nitrogen, sulfur, or oxygen. In this 
series the acceptor activity of the central atom increases as its effective 
nuclear charge becomes greater. 

4 - - - 

0=0—0 > 0=S— O > 0=N— 0 > 0=C— 0 

I I 

R R 

In other neutralized systems of the form X=Y — Z, the general princi- 
ples outlined above may be used to judge qualitatively the relative 
reactivity of a series of related compounds. 

1,2-Dienoid Systems, The 1,2-dienes (allenes) and related com- 
pounds containing doubly linked nitrogen and oxygen may be written 
in the general form X=Y=Z. These systems may be considered from 
the standpoint of the availability of the electron pairs of the multiple 
links and of unshared electron pairs on the atoms X and Z. The trend 
of the electron displacements may be considered conveniently by com- 
paring types in which one or two of the components of the systems 
remain constant. In the first series indicated below, where X=Y is 
R 2 C=, the polarization of Z (and the electron deficit of Y) increases 
from the allenes to the ketenes. The internal effect of neutralization 
due to a compensating mesomeric electron-release by X must be 
extremely small since X does not have an unshared electron pair. 
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R2C=C=CH2 


R2C=C=0 


R2C=C=CR2 


R2C=C=^R r— N=C=3) R— n=c=^— R 

r2c=c=2) r— n=n=cr2 6 = 0 ^ 

In the principal active form the atom Z withdraws an electron pair of 
the link Y=Z, giving rise thereby to an acceptor center at Y and a 
donor center at Z. The reactivity of these systems toward donor 
reagents will increase as the effective nuclear charge of Z becomes 
greater. 

In their reactions with unsymmetrical reagents the donor center of 
the reagent will become attached at Y but the acceptor center of the 
reagent may become linked at either X or Z, owing to the intervention 
of electromeric shifts in the course of reaction. 


R 2 C=C— CH 2 — B 

I 

A 

1.2- addition 

R2C— C=CH2 

I I 

B A 

2.3- addition 

The fact that the allenes of type R 2 C=C=CH 2 yield exclusively 
methyl ketones upon hydration indicates a marked selectivity in the 
point of attack of the donor center of the reagent. The addition of 
hydrogen bromide leads to a mixture of isomeric 2-bromo olefins which 
may arise by fixation of the acceptor center of the reagent in the 1- or 
3-positions.^^ The absence of corresponding isomers in the hydration 
reaction may be attributed to the fact that 1,2- or 2,3-addition of water 
would merely give isomeric enol forms of the methyl ketone. 

R2C=C(0H)— CH3 and R2CH— C(OH)=CH2 

Ingold has pointed out that a number of systems of the general 
form X=Y==Z contain systems capable of a mesomeric state owing 
to the presence of an unshare^d electron pair on the atom X or Z. The 
alternative structure in this case would contain a triple link, and would 
have the general form X — Y=Z. The second series given above 
includes the ketenes, isocyanates, and aliphatic diazo compounds as 
characteristic examples. The ketenes and aliphatic diazo compounds 

” Bouis, Ann. chim., [10] 9, 402 (1928). 


3 2 ^1 5- 

R2C=C=CH2 + A^B 


-R2C=C— CH2- 

T 

A— B 

R2(^cPcH2 

I 

A— B 
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illustrate systems in which only one of the terminal atoms can furnish 
an unshared electron pair. In the azides and isocyanates either ter- 
minal atom can furnish an unshared pair, and two different mesomeric 
polarizations are possible (Table XIV). 


TABLE XIV 

Mesomeric Effects in Structures X=Y=Z 


Type 

Formula 

Mesomeric 

Polarization 

Alternative 

Structure 

Ketfinea. . . 

R2C=C=S) ^ 

R2C=N=N 

R2C=C=0 

b : 

1 

II 

O 

Diazo compounds. . . 

R2C=N=N 

R 2 C — N=N 

Azides 

R — n=N=N 

iir~N itr-N 

R — N=N=N (major) 

R N=N=N (minor) 

R — N==C==0 (major) 

R — N — N=N 

Isocyanates 

R — 

R — N=N — N 

R — N=C — 0 

Carbon dioxide 


R — N=C=0 (minor) 

k^ 

0=C=0 

0 

1 

1 1 
'i:! 


The addition of alcohols and amines to ketenes and isocyanates may 
be regarded as a direct combination of the donor center of the addendum 
at the carbonyl carbon. The postulation of an enol form of the inter- 
mediate is unnecessary since the acceptor center of the addendum may 
shift directly to give the more stable form (ester or amide). 

R2C=C=0 ^ R 2 C=C— 0 ► R 2 CH— c=o 



R2C=C— OH 

I 

NH2 

The addition of halogen acids may occur by a similar mechanism or 
may be initiated by coordination of the carbonyl oxygen with an 
acceptor center of the addendum. The fact that ketenes generally 
react more rapidly with active donor addenda than with acceptors may 
be considered to favor the former view. 

The reaction of ketenes and isocyanates with Grignard reagents has 
been studied by Gilman,^® and in these cases there is undoubtedly a 
preliminary coordination of the carbonyl oxygen. 

Gilman and collaborators, J. Am. Chem. Soc., 42 , 1010 (1920); 46 , 493 (1924). 
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X 

R2C=cQ)^Mg/ 


R2C=C— OMgX 

I 

R 


R 2 O 




OH 

R 


Diphenylketene on treatment with phenylmagnesium bromide, and 
subsequent hydrolysis, was found to give the stable enol form of diphenyl- 
acetophenone (pp. 430 and 573). A similar mechanism was demon- 
strated experimentally for the isothiocyanates. 

Although the existence of alternative structures of the type 

R 2 C — C=0 (Table XIV) for the ketenes has not been verified experi- 
mentally, the fact that acyl substituted ketenes show a strongly dimin- 
ished acceptor activity suggests an internal neutralization of the fol- 
lowing type : 


0=C— CH= 


=c=o 


O— C=CH- 


4 - 

-c=o 


R 


R 


II 


In these structures the strong +E effect of the a,/3-unsaturated carbonyl 
system opposes the normal electromeric polarization of the ketene 
carbonyl group and reinforces the mesomeric polarization. In the 
resulting structure (II) the electronic excess is transmitted to the car- 
bonyl oxygen and the resonance between I and II has the effect of 
diminishing the reactivity toward an external donor molecule. 

1,3-Dienoid and Polyenoid Systems. The union of two or more 
multiple bonds in a 1,3 or 1,3,5 relationship gives rise to an interaction 
(conjugation) within the system. The extent of this interaction varies 
over a wide range, and the behavior of the systems is influenced by 
internal and external factors. Conjugate addition at the 1,4- or 1,6- 
positions arises from the ability of the system to transmit an electronic 
deficit, resulting from the electromeric polarization of one multiple bond, 
to the terminal atom of the second or third multiple bond (a and b ) . 


(a) 


-C=C- 
1 2 


-c= 

3 


=c— 

4 


(b) 


-c=c—c=c—c=c- 

1 2 3 4 5 6 


Aside from the conjugate active form the 1,3-diene may exist in non- 
conjugate active forms (a', a") and the 1,3,5-triene in partially conjugate 
or non-conjugate active forms (6', 6"). 


(a') 

(a") 


-C=C- 


-c=c- 


(b') 


-c= 

1 


S 

=c— c=c- 

2 3 4 


-C=C-4-C=C- 


(b") — c=c- 
1 2 


-c=c- 

3 4 


-c=c— 

5 6 

^c=c- 

8 6 
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It has sometimes been assumed^® that typical 1,4-addition reactions 
of the dienes involve a completed 1,2-addition followed by allylic 
rearrangement. The interpretation of much of the experimental evi- 
dence bearing upon this point is uncertain owing to the facile intercon- 
version of the isomeric 1,2- and 1,4-adducts, and the effects of oxygen 
and peroxides.®^ Nevertheless, there is now definite evidence that 
chlorine®^ and halogen acids yield l,4-adduct8 directly in certain 
instances, and the hypothesis that they necessarily arise by allylic 
rearrangement must be abandoned. Reagents such as halogens and 
halogen acids usually produce a mixture of 1,2- and 1,4-adducts, whereas 
perbenzoic acid®- yields only 1,2-adducts (substituted ethylene oxides) 
and maleic anhydride only 1,4-adducts®^ (p. 578). 

Kharasch and his collaborators®^^ have found that in the absence of 
oxygen and peroxides, and in the presence of an antioxidant, butadiene 
adds hydrogen bromide at low temperatures to give principally the 

1.2- adduct, 3-bromo-l-butenc (II). At higher temperatures under the 
influence of hydrogen bromide, and particularly under the combined 
influence of hydrogen bromide and peroxides, this product rearranges 
to I. The addition product obtained in the presence of air or added 
peroxides is principally I (crotyl bromide). Evidence is lacking to 
show whether peroxides cause direct formation of crotyl bromide by 
1,4-addition of hydrogen bromide to butadiene, or merely rearrange the 

1.2- addition product. All that can be said with assurance is that in 
the absence of peroxides 1,4-addition does not occur with hydrogen 
bromide. A careful but unsuccessful search was made for the third 
possible addition product. III. Two independent analytical methods 
indicate that not more than 5 per cent of this substance could have 
been present in the reaction products. 


H H H H 
HC=C— C=CH + HBr 


CHa— CH=CH— CH,Br 
CH2=CH— CH-~CHs 


( 1 -bromo-2-butene) 


(3-bromo-l -butene) 


Br 

:H 2 =CH— CH 2 — CHsBr (4-bromo-l-butene) 

Possible reactions of butadiene and hydrogen bromide 


I 

ir 

III 


Considerations of the 1,2- and 1,4-addition of hydrogen and of 
bromine to butadiene, based upon the quantum mechanics, indicate 

Claisen and collaborators, J. prakt. Chem., 106 , 74 (1922); Gillet, Bull. soc. chim. 
Belg., 31 , 366 (1922); Irigold, Shoppec, and Thorpe, J. Chem. Soc., 1477 (1926); Burton, 
ibid., 1651 (1928); Farmer and Scott, ibid., 172 (1929). 

Kharasch, Margolis, and Mayo, J. Org. Chem., 1 , 393 (1936). 

Muskat and Northrup, J. Am. Chem. Soc., 62 , 4043 (1930). 

Pummerer and Reindel, Ber., 66 , 335 (1933). 

83 Diels and Alder, Ann., 460 , 98 (1928); 478 , 139 (1930). 
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that it is much easier for addition to take place in the 1,4-positions. 
This conclusion rests upon the observation that calculated values of the 
activation energy for the 1,4-reactions are appreciably smaller than 
those for the 1,2-reactions. The introduction of a substituent may 
alter the situation and make 1,2-reaction occur more readily. 

The degree of electromeric polarization of the 1,3-dienes must be 
very small or spontaneous polymerization would take place even in the 
absence of catalysts. Probably effective polarization occurs through 
the intervention of an active center of the reagent or catalyst. Unsym- 
metrical substitution will generally enhance the small permanent 
polarization and will exert a directive effect. In 2-methylbutadiene 
(isoprene) the —I effect of the alkyl group will favor the development 
of donor activity at the 1-position, whereas in 1-bromobutadiene the 
substituent will favor the development of donor activity at the remote 
position. 

CHs 

CH2=C— CH=CH2 ]&CH=CH— CH=^H2 

K V 

The occurrence of this orientation in isoprene is confirmed by the fact 
that conjugate addition of hydrogen bromide yields 2-methyl-4-bromo- 
butene-2, and that non-conjugate addition reactions yield 1,2- rather 
than 3,4-adducts. 

Robinson has suggested that the polymerization of 1,3-dienes under 
the influence of a trace of sodium is a chain reaction initiated by the 
effective polarization of one molecule of the diene resulting from the 
entry of an electron or electron pair at the acceptor center; the polarized 
molecule attacks a second molecule of the diene in the same fashion and 
the process continues until long chains or large rings are formed (p. 1703). 
Molecular oxygen and peroxides may play a similar role in the initiation 
of polymerization reactions. It is possible that a chain reaction of 
opposite type may be initiated by the intervention of an external 
acceptor, since the diene system is capable of functioning either as a 
donor or an acceptor. 

Donor CH 2 =^CH^CH=CH 2 CH 2 =CH— CH=CHr^ etc. 

Acceptorcli^CH-^^^^€^ CH2=CH^^S^CH2<-etc. 

The aliphatic 1,3-dienes generally show a reactivity greater than that 
of the simple olefins toward the usual reagents, such as halogens and 

Eyring, Sherman, and Kimball, J. Chem. Phya., 1, 686 (1933). 
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halogen acids, and they undergo a number of reactions that are not 
shown by compounds having an isolated double bond. The charac- 
teristic diene reactions include coupling with nitrobenzenediazonium 
chloride,®^ facile linear polymerization under the influence of alkali 
metals, direct addition of alkali metals®® and of triphenylmethyl,®^ 
and the Diels-Alder reaction with a,/S-unsaturated carbonyl com- 
pounds®® (p. 593). 

Thermochemical data show that the heat of formation of a conju- 
gated system is greater than the sum of the heats of formation of the 
separate bonds. This departure from strict additivity corresponds to 
an increase in molecular stability and is interpreted as resonance energy 
(perturbation energy). Quantum mechanical calculations®® have led 
to values of resonance energies that can be brought into good agree- 
ment with those obtained from heats of combustion. The numerical 
values for several types of conjugated systems, expressed in Calories 
per mole, are tabulated below. Numbers in italics are calculated values ; 
the remainder are empirical values from thermochemical data. 


TABLE XV 

Resonance Energies of Conjugated Systems 
(Pauling and Sherman) 


1 ,3-Dienes 

8.0 

Benzene 

37.3 

Pyridine 

1 ,3,5-Trienes 

16.7 

Styrene 

46.1 

Pyrrole 

1,3,5,7-Tetrcnes . . . . 

25.1 

Stilbene 

94.3 

Thiophene 

Fulvenes 

15.0 

Naphthalene 

74.7 

Furan 


The marked effect of conjugation upon the energetics of unsaturated 
systems is demonstrated by a comparison of the heats of hydrogenation 
of olefins, dienes, and benzene.®® When two double bonds are sepa- 
rated by three single bonds, as in 1,5-hexadiene, there is practically no 
interaction; the heat of hydrogenation is twice that of a simple olefin 
of corresponding type. There appears to be a small labilizing effect in 
the 1,4-diene, and in the 1,2-diene a large labilizing effect. The 1,3- 
diene instead of exhibiting a labilizing effect of intermediate magnitude 
actually shows a definite stabilizing effect. Similar effects occur in 

Meyer and collaborators, Ber., 47 , 1764 (1914); 62 , 1472 (1919). 

Ziegler, Orth, and Weber, Ann., 479 , 292 (1930); 604 , 131 (1933). 

Conant and Scherp, J. Am. Chem. Soc., 63 , 1941 (1931). 

Pauling and Sherman, J. Chem. Phya., 1 , 606, 679 (1933). 

Kistiakowsky, Ruhoff, Smith, and Vaughan, J. Am. Chem. Soc., 67 , 876 (1935); 
68 , 137, 146 (1936); Conant and Kistiakowsky, C/iem. Rev., 20 , 181 (1937). 
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cyclopentadiene and cyclohexadiene, and an enormous effect arises in 
benzene. Table XVI gives the heats of hydrogenation (Afl', in Calories 
per mole) for several olefins and polyenes, together with the magnitude 
of the effects of stabilization (+AZ) or labilization (— AZ). 

TABLE XVI 

Heats of Hydtiogenation of Olefins and Polyenes 


Olefins 

-All 

Polyenes 

-aH 

aZ 

CH2=CH2 

32.82 

1,2-Propadiene 

71.28 

1 

* 

R — CH— CH 2 (mean) 

30.20 

1 ,3-Biitadiene 

57.07 

+ 3.3t 

CHs— CH=CH~CH3 CIS 

28.57 

1,4-Pen tad iene 

60.79 

- 0.4t 

trans 

27.62 

1,5-Hexadienc 

60.52 

- o.lt 

(CH3)2C=CH2 

28.37 

Cy clopentadien e 

50.86 

+ 6.3t 

(CH3)2C==CH-CH3 

26 92 

Cyclohexadiene 

55 37 

-f 1.8t 

Cyclohexene 

28.59 

Benzene 

49.80 

+36. OJ 


* Referred to Lsobutylene, 
f Referred to R — CH - ('H2. 
i Referred to cydohexene. 


The calculated resonance energy of benzene (Table XV) is in good 
agreement with the stabilization effect observed by this method, but 
the calculated valium for 1,3-dienes shows a wider deviation from the 
actual values. 

In benzene and similar systems of aromatic character the internal 
compensation has the effect of facilitating substitution rather than 
simple addition reactions. However, there is evidence to support the 
view that substitution reactions of a number of aromatic systems 
proceed by way of a preliminary addition process (p. 110). Halogen 
atoms, hydroxyl, and amino groups directly attached to an aromatic 
ring give rise to hetero-enoid systems in which the electromeric effect 
( — E) of the substituent interacts with the polyenoid system (see 
Hetero-enoid Systems and Vinylogous Systems). It is possible that a 
part of the difficulty encountered in developing a satisfactory general 
theory of aromatic substitution is due to the situation that the reactions 
can occur either by a direct or an indirect (addition) mechanism. 

Triple bonds are capable of taking an active part in conjugated 
systems (p. 576). The combination of a double and triple bond, as in 
vinylacetylene, gives rise to a system that undergoes only conjugate 
addition with halogen acids. In this instance the orientation of the 
addition is determined by the triple bond. Divinylacetylene likewise 

®°Carothers, Berchet, and Collins, ibid., 64 , 4066 (1932). 
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adds chlorine or hydrogen chloride in the 1,4-positions no evidence 
of 1,6-addition to divinylacetylene has been observed. 

CHj=^CH^C=CH -f- HCl Cl— CHi— CH==C=CIL 

CH2^=CH C — — C CH=CH2 -{- HCl — ^ Cl — CH 2 — CH-— C.=CH — CH=CH2 

CH2^ci?-C=C— CH=CH2 + CU Cl— CHj— CII=C=CC1— CH=CH2 

R— CsC^c£c-R-|-H2-+R— CH=^C^^CH-R-1-R-CH2-C=;C-CH2— R 

R— CsC^^C— R + H 2 O -» (R— C=^C^C-^H— R) 

''■(*)H R— CO— C=C— CPL— R 


Studies of substituted 1,3-diyncs by Grignard and Tcheoufaki^^ demon- 
strate that systems containing two triple bonds undergo conjugate 
addition of bromine and hydrogen bromide. Similarly, catalytic 
hydrogenation over platinum, and partial hydration, lead to 1,4-adducts. 

Q!,/3-Unsaturated Carbonyl Systems and Related Types.* The con- 
jugation of an ethylcnic linkage with an unsymmetrical multiple bond 
of oxygen or nitrogen gives rise to structures of the type C=C— C=A 
and C=C — B=A. In the single links of oxygen and nitrogen (hetero- 
enoid systems) the hetero atom exerts a dynamic electron-release, but 
in their multiple bonds the direction of the electromeric effect is reversed. 


C=C— OR 


C=C— C=0 


C=C— NR 2 

Hetero-enoid 


C=C— C=N 

Katio-enoid 


The essential feature of the a,/?-unsaturated carbonyl types (p. 581) 
is the ability of the system to transfer the seat of acceptor activity to 
the jS-carbon of the ethylenic bond. Consequently, the jS-carbon is 
attacked by the donor center of various reagents, such as ammonia, 
amines, alcohols, organomagnesium halides, and alkali cyanides, which 
are without action on simple olefins. 

The addition of amines, alcohols, and alkali cyanides to a,/3-unsatu- 
rated carbonyl systems may be regarded as a direct combination of the 
donor center of the addendum at the ^-carbon, but in the addition of 
Grignard reagents and halogen acids it is likely that the reaction is 
initiated by coordination of the hetero atom with an acceptor center of 


Coffman and Carothors, ibid,, 66 , 2040, 2048 (1933). 

Grignard and Tcheoufaki, Compt. rend., 188 , 527, 1531 (1929). 

* These were classified by Robinson originally as “ crotonoid ” and later as “ katio- 
enoid ” systems. 
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the addendum. The tendency to permanent polarization in the a,P- 
unsaturated carbonyl systems is necessarily small, owing to the fact 

H,N: + C=®!-C=Q) -> H,N— C— (^C-Q): -► HjN— C— CH— C==0 

/3 a ot 

C=C — C===0 4" HCl — > [^C=C — C==OhJ Cl — ► Cl — C — C===C — OH 

/S a o 

that integral polarization produces an unstable electronic configuration 
(open-sextet) in the /3-position. 

Although a,/3-unsaturated carbonyl systems show a marked tendency 
to undergo conjugate addition, there are many instances in which one 
of the multiple bonds functions independently. The relative amounts 
of 1,2- and 1,4- adducts are influenced by substituents in the conjugated 
system (internal factors) and also by the nature of the addendum and 
the environment (external factors). Kohler^® has pointed out that 
nearly all reactions involving 1,2-addition to carbonyl are reversible, 
whereas the products formed by 1,4-addition (except with organometallic 
compounds) undergo rearrangement into saturated carbonyl compounds 
that are still capable of undergoing 1,2-addition. Under these conditions 
the products ultimately isolated do not represent the relative rates of 
1,2- and 1,4-addition but merely the relative stability of the substances 
or the position of equilibrium in the particular environment. 


TABLE XVII 

Addition of CcHfiMgBr to a,/3-UNSATUitATED Carbonyl Systems 


Per Cent 

1,4- Adduct 

CH 2 =CH— CO— H 0 

CHa— CH=CH— CO— CH 3 40 

CeHfi— CH=-CH— CO— CH 3 .... 12 

CeHfiCH^CH— CO— C 2 H 5 40 

CaHaCH^CH— CO-OC 2 H 5 .... 50 

CeHaCH^CH— CO— NR 2 90 


Per Cent 

1,4- Adduct 


CH2=-CH— CO— CeHa 100 

CHa— CH=CH— CO— CaHa 100 

CaHa— CH=CH— CO— CaHa. ... 94 

(CaHa) 2 C=CH— CO— CaHa 0 

(CH3)aC=CH— CO— CHa 0 

CaHa— C sC— CO— CaHa 0 


The addition of Grignard reagents to a;,/3-unsaturated systems 
affords a comparison of the relative rates of 1,2- and 1,4-addition, as the 
reactions are not reversible and both adducts are stable. The reactions 
have been studied extensively by Kohler and his collaborators and a 
few of their data are shown in Table XVII. The results indicate that 

1,4-addition increases as the reactivity of the carbonyl system toward 
R — MgX diminishes. Thus, in the series shown below the reac- 
tivity toward Grignard reagents diminishes from R — CO — H to 
R — CO — N(C2H5)2, but the tendency of the a,j3-unsaturated carbonyl 
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systems to undergo 1,4-addition diminishes in the opposite direction, 
from R— CH=CH— CO— N(C2H5)2 to R— CH=CH— CO— H. 

— CO — H — CO — CHj — CO — CeHe — CO — Cl — CO — OC 2 H 6 — CO — N(C2H6)2 

The effect of a hydrocarbon group attached in the /3-position is rela- 
tively slight, but the presence of two hydrocarbon groups on the /3-carbon 
impedes 1,4-addition. It is of interest to note that an acetylenic system 
such as CeHs — C=C — CO — CcHg does not undergo conjugate addition 
of Grignard reagents. 

Robinson has pointed out that the enhanced acceptor activity of 
the terminal carbon atom in katio-enoid structures facilitates the 
exchange of anions in these systems; the increased activity of aryl 
halides containing a nitro or carbonyl group in the ortho^ or para-posi- 
tions and the hydrolysis of p-nitrosodimethylaniline are explained by 
the following mechanisms: 




N=0+ HNfCHali 


It is evident that the same groups in the r?i6ia-position will not function 
in a similar manner owing to the inability of the system to transfer an 
electronic deficit to the ?7i€to-position. 

The presence of hydroxyl or amino substituents in the /3-position of 
an a,/3-unsaturated carbonyl group gives rise to an internal compensa- 
tion resulting from the effect of dynamic electron-release within the 
hetero-enoid system. The dynamic isomerism of unsymrnetrical enols, 
reduced carbonyl activity of p-methoxybenzaldehyde and p-dimethyl- 
aminoaryl ketones, and the relative inactivity of the corresponding 
nitriles toward RMgX, are typical examples. 
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The order of effectiveness of various p-substituents in bringing about 
internal neutralization is the same as that given under hetero-enoid 
systems (p. 1680 ). It must be recognized that these dynamic effects act 
largely to reduce the rate of carbonyl reactivity and in this way may 
favor an alternate course of reaction, such as replacement of the / 3 -sub- 
stituent {cf. preceding paragraph). 

Quinonoid Systems. Two carbonyl groups, or similar types, united 
directly or by means of an intervening ethylenic system, give rise to 
ortho- and pam-quinonoid structures. Owing to the tendency of the 
two groups to promote electromeric changes in opposed directions, these 
systems are highly reactive and the units frequently function indepen- 
dently in their reactions. 

1,2-Quinonoid types 

o=c— c=o 
I I 

R R 

CeHs— CO— CO— CoHs 
CcHs— CO— CO— OR 
RO— CO— CO— OR 

In addition to the true ortho- and pam-benzoquinones, this group 
includes simple 1,2-dicarbonyl compounds (glyoxal, biacetyl, benzil, 
ethyl oxalate, and a-ketonic acids) as well as 1,2-di carbonyl derivatives 
of ethylene (dibenzoylethylene, benzoylacrylic acid, maleic acid, and 
citraconic acid). 

The strong activating influence of the — CO — CO2R group on an 
adjacent methylene group, and the citraconic-itaconic acid rearrange- 
ment, may be regarded as manifestations of the tendency of a quinonoid 
system to revert to one in which the tension of the opposed electro- 
meric effects has been relieved. 

CH3— C— CO2R CH2=C— CO2R 

O ^ OH 

CH3— C— CO2H NaOH CH2=C— CO2H 

H— C— CO2H ' CH2— CO2H 

The enhanced reactivity of quinonoid systems is illustrated by the 
facile addition of acids to p-benzoquinone, addition of 1,3-dienes to 
quinones and to maleic anhydride (Diels- Alder reaction), and the con- 
version of aryl 1,2-diketones into benzilic acids by means of alkalies. 

The addition of acids is probably initiated by fixation of a proton 
at the carbonyl group, resulting in the development of an active acceptor 


1,4-Quinonoid types 

O^C-S^CH— c=6 

I I 

R R 

CeHs— CO— CH=CH— CO— C 0 H 5 
CeHs— CO— CH=CH— CO— OR 
RO— CO— CH==CH— CO— OR 
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center in the /3-position. Combination of a donor reagent at this point 
is followed by isomerization to a substituted hydroquinone. However, 
the Diels-Alder reaction, benzilic acid rearrangement, and condensation 
reactions occurring in alkaline media may be regarded as a direct attack 
by an active donor center of the reagent. 



Robinson has given an interesting example of the effect of neutralized 
systems on the 1,2-diketone group. Glyoxal is a colored substance 
(yellow solid, green vapor) and is highly reactive as a carbonyl com- 



Colored and reactive 


R— 6^C — C-^-R 

Colorless and less reactive 

pound, whereas ethyl oxalate is colorless and far less reactive. The 
same relationship holds true for benzil and p,p'-diethoxybcnzil; the 
former is colored and reactive, the latter is colorless and much less 
reactive. This analogy affords a striking illustration of the principle 
of vinylogy (pp. 544, 1679). 

Peroxidic Systems. The direct union of amino and hydroxyl 
groups with each other, or with halogen atoms, gives rise to discordant 
systems of type opposite to the quinones. The former develop an 
active donor center and the latter an acceptor center. In the simple 
peroxidic systems such as hydrogen peroxide, hydroxylamine, and 
hypochlorous acid, a,|3-proton migration may give rise to a tautomeric 
relationship (see Dyad Systems, p. 1705). 
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HaN— NH2 
H3N— NH 


HaN— OH HO— OH 

H 3 N— 0: H 2 O— 0: 

• • • • 


Cl— OH 

.. 

H— Cl— 0: 


A similar dynamic isomerism is possible in the partially substituted 
derivatives such as mono-, di-, and trisubstituted hydrazines, N-sub- 
stituted hydroxylamines, and per-acids. This group of compounds is 
characterized by an ability to act either as oxidizing or reducing agents, 
according to the nature of the environment; many of them undergo 
disproportionation reactions involving mutual oxidation and reduction. 

2C6H5— NH— NH— CoHs CeHs— N=N— CeHs + 2CGH5NH2 

2C6H5— CO2— OH 0=0 + 2C6H5CO2H 

The disproportionation of hydrogen peroxide into water and molecular 
oxygen is paralleled in the organic derivatives by the corresponding 
reaction of perbenzoic acid and by the conversion of hydrazobenzene 
into azobenzene and aniline.®^ The facile conversion of /S-phenylhy- 
droxylamine into p-aminophenol and of hydrazobenzene into benzi- 
dine, under the influence of strong acids, affords a further illustration 
of the instability of these systems. The fact that rearrangement of 
peroxidic systems is brought about by acids, and quinonoid systems by 
alkalies, is a direct consequence of their respective donor and acceptor 
activity. 

Typical additive processes such as the formation of oximes and 
hydrazones, and oxidation by per-acids, are probably initiated by 
attack of an external acceptor center by an unshared electron pair of 
the peroxidic system. 


R— CH =0 


0 OH 

1 + I 

,R— CH— NH 2 — OH R— CH— NH— OH 

R— CH=N— OH + H 2 O 

Oxime formation 

0 OH 

‘R— CH— OH— OCO— R R— CH— 0— OCO— R 

Oxidation by per-acid ' 

2R— CO 2 H 


RaC— H + HO— Cl R 3 C— H^0< 5+ H 2 O + Cl— CR 3 

3C1 

Chlorination 


’^Wieland, Ber., 48 , 1098 (1915); see, also, Kenner and Knight, Ber., 69 , 341 (1936). 
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The view that addition of hypohalous acids and alkyl hypochlorites 
to olefins proceeds by a similar mechanism (a) is not generally accepted. 
Recent kinetic studies of addition reactions of stilbene^^ indicate a step- 
wise process (6) in which an active intermediate is produced by com- 
bination of a donor center of the olefin with an acceptor of the addendum 
positive bromine The composition of the adduct is determined 
by competitive reactions of the labile intermediate with an active donor 
center of the environment (CH 3 — OH or Br“). 


R-~CH=CH~R 


R— CH=CH— R 

•(*)v 


/^v 

CH, Br 

(a) 


R— CH CH— R 

(*)CH8 Br 


[R— CH— CHBr— R] + 
( 6 ) 


R— CH CHBr— R 

CH 3 OH 1 4 -H + 


OCH3 
R— CHBr— CHBr— R 


It is difficult to reconcile this formulation (b) with the observation 
that stilbene and isostilbene yield different stereoisomeric adducts, since 
true carbonium cations are considered to be configuratively unstable 
and would lead to identical stereoisomers from the cis- and trans- 
stilbene. The fonnulation of a carbanion intermediate appears to 
afford a more satisfactory explanation of the relevant experimental 
evidence.®^ On the other hand, it is difficult to account for the forma- 
tion of chloro- and bromo- /3-lactones by the addition of chlorine and 
bromine to aqueous solutions of salts of dimethylmaleic and dimethyl- 
fumaric acid^*^ without recourse to the hypothesis that the positive 
fragment of the halogen molecule is added as the first step. Further 
work in this field will be of considerable interest. There is, of course, 
no reason to expect that the intimate mechanism of olefinic addition 
must be the same for all olefins, or for all addenda. 


CHs 




/ 


CHs 


CI 2 


COr ^co,- 


C1 


CH:,— (!j C— CH. 

io.- io.- 


C 1 CH, 

CH,— (!; — <!^-co2- 


( 1 : 0 — (!) 


The mechanism of oxidation and reduction by peroxidic structures 
affords an interesting and difficult problem. Owing to the tautomeric 

Bartlett and Tarbell, J. Am. Chem. Soc., 68 , 466 (1936); 69 , 407 (1937). 

Wallis and Adams, ibid., 65 , 3838 (1933). 

•• Ogg, im., 67 , 2727 (1936). 



1696 


ORGANIC CHEMISTRY 


character of the typical systems and their interaction with acids, bases, 
and hydroxylic solvents, a number of reactive species may be involved. 


H— 0— 0— H 

it 

H— 0— O 
H 



rn— 0— 0— Hi+_^ 

rn— 0— 0— HI 

L H J 

L H H J 


[H— 0— 0:]- -> [:0— 0:]“ 


The importance of hydroxylic solvents is indicated by Wieland’s observa- 
tion that peracetic acid does not attack dry acetaldehyde but does attack 
it in the presence of water; however, this difference is not observed with 
benzaldehyde. Wieland'*^^ considers that hydrogen peroxide acts as a 
hydrogenating (reducing) agent owing to its ability to decompose into 
molecular oxygen and monatomic hydrogen, and acts as a dehydro- 
genating (oxidizing) agent through combination with monatomic 
hydrogen to form water. 

An extension of Wieland^s view by Bancroft and Murphy^® involves 
the postulation of a reversible dissociation and the production of an 
activated form of oxygen. When hydrogen peroxide acts as an oxidizing 
agent, the active oxygen is assumed to react both with the substance 

H— 0— 0— H ^ 2H- + -O— 0* 

H— 0— 0— H + 2H- 2 H 2 O 

2H- + .0=0- + HI H 2 O + HO— I 


to be oxidized and with the monatomic hydrogen. They have found 
that the true electromotive force of hydrogen peroxide in approximately 
molar acid solutions is about Eh —+ 1.16 db 0.3 volts, and in molar 
potassium hydroxide solutions about Eh 0.30 ifc 0.03 volt. The 
data indicate that oxidizing and reducing agents having a larger Eh 
value than hydrogen peroxide (under the given conditions) are reduced 
by it, and those having a smaller Eh value are oxidized. 

Raikow®^ believes that a substance cannot have the same formula 
as a reducing agent and an oxidizing agent ; he attributes reducing action 
to the normal form HO — OH, and oxidizing action to the oxonium struc- 
ture H 2 O — O. It is pointed out that reductions by hydrogen peroxide 
are rapid reactions whereas oxidations are slow; these facts are explained 
on the assumption that the oxonium tautomer is present in small concen- 
trations and is formed from the normal structure by a slow reaction. 
This hypothesis does not take into account the circumstance that either 
tautomer gives rise to the same cation or anion. Nevertheless there 

Wieland, Ber., 64 , 2361 (1921). 

Bancroft and Murphy, J. PhyB. Chem., 89 , 377 (1936). 

Raikow, Z. anorg. allgem. Chem., 168 , 297 (1928); 189 , 36 (1930). 
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is evidence that tautomeric phenomena are involved in the reactions of 
peroxidic systems, since disubstituted organic peroxides such as diben- 
zoyl peroxide and diethylperoxide are much less active than perbenzoic 
acid and ethyl hydroperoxide. 

The tautomeric forms of hydrogen peroxide and the monovalent ions 
possess a donor and an acceptor center, and can enter into reaction by 
coordination processes. The mode of reaction and observed catalytic 
effects may be associated with a specific orientation of the coordination 
mechanism, but the prevalent view is that oxidation-reduction reactions 
in aqueous solutions involve free radicals and proceed by means 
of a chain. The mechanism for aldehyde oxidation proposed by Haber 
and Willstatter, and subsequently modified by others, envisages the 
following steps: (a) formation of an active free radical, by the inter- 
vention of an atom or molecule containing an unshared electron, or by 
separation of an electron pair; (b) reaction of the free radical with oxygen 
to form a peroxidic radical; (c) interaction of the latter with the sub- 
strate to form the oxidation product and regenerate the original free 
radical,* The chain is broken when two similar radicals react, or when 
two unlike radicals react to form the addition product. An inhibitor 

(a) CHs— CH=0 -h Fe + + + CH 3 — C=0 -f H+ -f- Fe+ + 

(b) CH 3 — C=0 + 02-^ CHs— CO— O— O- 

(c) CH,— CO— O— 0- + CII 3 — CH=:0 CHs—CO— 0— OH + CH 3 — C=0 

(d) CH 3 — CO—O— 0--I-H0— C 6 H 4 — OH -> CH 3 — CO— 0— OH+HO— Cfill^— O- 

(e) HO— C6H4— O- + H+-f-Fe + ^--> HO— C6H4— OH -f Fe + + + 

such as hydroquinone may interrupt the chain through diversion of the 
peroxidic free radical in a reaction (d) which does not regenerate the 
free radical of the aldehyde, or by direct diversion of the original free 
radical. The inhibitor may be regenerated by interaction with the 
accessory products of the initial activation (e). 

It is significant that aromatic systems, containing hydroxyl and 
amino substituents in an ortho or para relationship, are among the most 
powerful auto-oxidation inhibitors. ^ These compounds may be 
regarded as vinylogs of the parent inorganic structures, HO — OH, 
NH2 — OH and NH2 — NH2. In the organic types the discordant sys- 


^00 Haber and Willstatter, Ber., 64 . 2844 (1931). 

* For detailed mechanisms for chain reactions of this type and modifications of the 
Haber- Willstiittor mechanism, see Wieland and Richter, Ann., 486 , 226 (1931); 495 , 
284 (1932); and Rice and Rice, “The Aliphatic Free Radicals,” Johns Hopkins Press, 
Baltimore (1935), pp. 170-181. 

101 Moureu and Dufraisse, Chem. Rev., 3 , 113 (1927); Milas, ibid. 10 , 296 (1932). 
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terns can be relieved by tautomerism of a sort that is different from 
that of the parent structures. 



HN=C— CH— OH 

1 1 

R R 

*‘Imino-alcohol” forms 


HsN- 


-C=C- 


-OH 


R R 

“Enolamine” forms 


H 2 N— CH— C=0 
R R 

“Ketoamine^^ forms 


The enediol and ‘‘ enolamine forms of a-hydroxy and o-aniino 
carbonyl structures may be regarded as vinylogs of the peroxidic sys- 
tems HO — OH and NH 2 — OH, and this analogy makes possible an 
interesting correlation of their behavior in biological reactions. Thus, 
the relation between an a-amino acid and the corresponding a-keto acid 
is analogous to that of an aminophenol and the corresponding quinone; 
the a-hydroxy and a-keto acids become analogous to hydroquinone and 
quinone, which in turn correspond to HO — OH and 0=0. 


FREE RADICALS 

A free radical is a molecular species, usually electrically neutral, in 
which is present an atom bearing a single unshared electron. Such 
structures contain an uneven number of valence electrons and have 
been designated by Lewis ^ as odd molecules. Free radicals are 
therefore an exception to the most fundamental principle of chemical 
combination rule of two ”), and they exemplify the highest degree of 
molecular unsaturation (p. 489). 

Free radicals resemble free atoms, such as monatomic hydrogen and 
chlorine, or alkali metals. Although the notion of organic radicals goes 
back as far as Lavoisier, the first experimental evidence of their real 
existence was given by Gomberg’s discovery of triphenylmethyl in 
1900. The parent substance hexaphenylethane is capable of reversible 
dissociation either into neutral free radicals or into ions, and in this 
respect bears a strong formal resemblance to molecular iodine. 

(CeE,),C C(CeR,)s 

/ \ 

2(C6H5)3C* [IC6H5)3C] OCCCsHg)] 

Radicals Ions 

I II III 

io*Gomberg, J. Am. Chem. Soc., 22 , 757 (1900); 36 , 1144 (1914); Chem. Rev., 1,91 
(1924); 2 , 301 (1925). 


21 

Atoms 


m 


Ions 
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Subsequently, a large number of free radicals of the triarylmethyl type 
have been prepared and also free radicals containing unsaturated atoms 
of nitrogen, arsenic, oxygen, sulfur, tin, and lead (pp. 526-528). 

A satisfactory interpretation of the mass of experimental observations 
on free radicals of the triarylmethyl type requires a recognition of the 
existence of three definite species: electrically neutral triarylmethyl 
radicals (I) and triarylmethyl cations (II) and anions (III). The free 
radical is formed alone in non-ionizing solvents, and the ions in ionizing 
solvents. Triarylmethyl cations are present alone (probably in a sol- 
vated state) in solutions of triarylmethyl halides in liquid sulfur dioxide; 
the corresponding anions exist alone in solutions of alkali metal salts 
in liquid ammonia. 

RaC— Cl [RaCl+Cl- K* + -CRa K+[:CRa]- 

The triphenylmethyl anion is dark red and is the most highly colored 
of the three species; the free radical is yellow, and the cation is either 
colorless or yellow. Experiments of Wallis and Adams indicate that 
an unsymmetrically substituted triarylmethyl anion can exist in an 
optically active state, but that the corresponding cation undergoes 
racemization rapidly (p, 322). 

The ability of aryl groups to increase the capacity of an attached 
atom to absorb an electronic deficit or excess (p. 1665) accounts for the 
effect of aryl groups in stabilizing the ions of opposite sign formed by 
ionic dissociation. The power of aryl groups to stabilize the neutral 
radical containing a single unshared electron is due to the same funda- 
mental property — their ability to distribute the singlet to a large num- 
ber of positions in the system (resonance). This view accounts for the 
fact that polynuclear aromatic systems are more effective than phenyl 
in stabilizing the radical, and the theoretical sequence- — a-naphthyl > 
i^-naphthyl > p-xenyl > phenyl — is in agreement with the known 
facts. The presence of substituents having a considerable +/ effect 
and a — T effect (alkoxyl, halogens) should also increase the extent of 
dissociation, and this is found to be true. 

Ingold holds the view that the triphenylmethyl anion is 
obviously much less stable than the kation.” As an illustration of the 
.stability of the cation is cited the observation that triphenylmethyl 
chloride is soluble in liquid ammonia with only slight, and reversible, 
conversion into the corresponding amine (ammonolysis) : 

[R 3 C]+C 1 “+ 2 NH 3 R 3 C— NH 2 + [NHJ+Cl- 

Ingold, “ Ann. Repts. Chem. Soc. (London),” 25 , 155 (1928). 

104 Kraus and Rosen, J. Am. Chem. Soc., 47 , 2739 (1925). 
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Ingold^s view appears to ignore the circumstance that triarylmethyl 
cations are actually formed only in donor solvents (NH 3 , SO 2 ) capable 
of stabilizing the cation by solvation, whereas the triphenylmethyl 
anion exists as such in solvents and in the solid alkali metal salts. 

[R3C]+ + SO 2 [R3C— S02]+ or [R3C— 0— S=0] + 

[R3C]+ + :NH3 [R3C— NH3] + 

Evidence that hydrocarbon anions are actually more stable than the 
corresponding cation is afforded by the fact that in many cases a cation 
undergoes internal stabilization by intramolecular rearrangement 
whereas the corresponding anion does not. The relatively greater 
configurational stability of the triaryl anions, already cited, may be 
considered to throw further doubt upon the view expressed by Ingold. 

Even relatively stable free radicals, such as the triarylmethyls, are 
extremely reactive substances. They react readily with alkali metals, 
molecular oxygen, iodine, nitric oxide, and other free radicals; with 
ethers, esters, ketones, nitriles, and hydrocarbons they form additive 
compounds involving one n;oleculc of the substrate and two of the free 
radical. Studies of the velocity of dissociation of hexaphenylethane 
by the addition of a reagent (halogens, nitric oxide) that reacts instantly 
with the free radical show that the reaction is strictly unimolecular and 
is almost independent of the solvent.®® The period of half-change 
of hexaphenylethane was found to be 3.3 minutes. 

The behavior of hexaphenylethane toward oxygen^®® was found to 
involve the formation of a labile peroxide which gives rise to chain 
reactions. 

R3C— CR3 2R3C- 

RsC- + -O— O- R3C— 0— 0- 

R3C— 0 — 0 * + R3C— CR3 R3C— 0 — 0 — CR3 + R3C- 

In the presence of an excess of pyrogallol the reaction follows a strictly 
unimolecular course, and exactly two molecules of oxygen are consumed 
per molecule of the ethane. The inhibitor functions by its ability to 
effect an instantaneous fixation of the labile peroxide, converting it to 
R3C— 0— OH. 

Free alkyl radicals were first prepared and studied by Paneth^®® 
in 1929. Free methyl and ethyl radicals were obtained by thermal 
decomposition of the lead alkyls in a stream of pure hydrogen at low 

Ziegler and Ewald, Ann., 504 , 162 (1933). 

Paneth and Hofeditz, Ber., 62 , 1336 (1929); Paneth and Lautsch, Ber,, 64 , 2702 
(1931). 
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pressures (1-2 mm.). The free alkyls were found to effect direct alkyla- 
tion of such inactive elements as lead, antimony, zinc, cadmium, bis- 
muth, and tellurium. Further work by Rice and his collaborators ^ ^ 
has shown that free alkyl radicals react readily with alkali metals, 
calcium, mercury, lanthanum, thallium, arsenic, and selenium; no 
alkylation was observed with magnesium, copper, silver, gold, and 
cerium. The products formed by reaction with arsenic, antimony, and 
bismuth^®® consist of trialkyls, dialkyls of the cacodyl type, and poly- 
meric monoalkyls (except with bismuth). With tellurium only dimethyl- 
ditelluride, CH3 — Te — Te — CH3, is formed and no dimethyl telluride, 
(CH3)2Te. 

The half-life period of the methyl and ethyl radicals is only about 
0.006 sec., which is even shorter than that of atomic hydrogen under 
similar conditions {ca. 0.1 sec. Experimental studies of the higher 
alkyl radicals * indicates that these decompose readily into methyl or 
ethyl radicals and olefins. It is estimated that about 75 per cent of the 
free n-butyl radicals formed by the primary thermal decomposition of 
di-n-butylmercury break up into ethylene molecules and ethyl radi- 
cals. ^ ^ ^ 

A consideration of the reactions of free alkyl radicals with organic 
molecules (in the gaseous state), based upon the assumption of free 
radicals in thermal and photochemical decomposition, indicates that 
they attack the carbon-hydrogen link and not the carbon-carbon link. ^ 
The thermal or photochemical decomposition of acetaldehyde is inter- 
preted from a free radical standpoint by the following chain 
mechanism (I): 

I CHa- + CH3— CH =0 CH4 + CH3— C =0 

CH3— C =0 -> C =0 + CH3- 

II CH3- + CH3— CO— CH3 -> CH4 + -0112— CO— CH3 

•CH2— CO— CH3 -> CH2=C=0 + CH3- 


A methyl radical, produced by thermal or photochemical excitation, 
attacks the C — H link of the aldehyde molecule producing methane and 
a labile aldehyde radical. The latter decomposes rapidly with loss of 
carbon monoxide and regenerates a methyl radical, which continues the 

Rice and Rice, “ The Aliphatic Free Radicals,” Johns Hopkins Press, Baltimore 
(1936). 

Paneth, Trana. Faraday Soc., 30 , 179 (1934). 

* Evidence for the existence of the n-propyl radical has been obtained by Pearson 
and Purcell, J. Chem. Soc., 253 (1936); its half-life period is estimated to be about 0.002 
sec., which is only one-third that of the methyl or ethyl radical. 
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cycle. It is found experimentally that the products are entirely methane 
and carbon monoxide. The pyrolysis of acetone to yield ketene and 
methane (II) is explained by a similar mechanism. But the photo- 
chemical decomposition of acetone yields ethane and carbon monoxide, 
and it is difficult to account for this difference if both reactions are 
assumed to occur by way of free methyl radicals. 

The possibility of free radicals being formed as intermediate products 
in the course of chemical reactions in the liquid state or in solutions is 
only occasionally supported by the experimental evidence. In general, 
ionic or pseudo ionic mechanisms (p. 1631) are the more common modes 
of reaction, and free radicals arise only under rather special conditions. 
There is convincing evidence that thermal and photochemical decompo- 
sitions occur by way of radical chains. Other reactions in which free 
radicals may arise are those involving alkali metal atoms (metal ketyls, 
Wurtz-Fittig reaction), monatomic hydrogen, molecular iodine, molecu- 
lar oxygen, hydrogen peroxide (and other peroxidic systems), quinones, 
nitric oxide (and odd molecules in general), atoms and ions of the transi- 
tion elements, and electrolysis. 

The addition of metallic sodium or lithium to arylated olefins (p. 422) 
and dienes may be cited as an illustration of a reaction involving free 
radicals. Schlenk and Bergmann^^^ found that an atom of sodium 
initially adds a single electron to the carbon directly attached to the 
aromatic ring, giving a product analogous to the metal ketyls. The 

Na. -f (C6H5)2C=CH2 Na+[(C 6 H 5 ) 2 C— CHs]- [(C6H6)2C— GHJ- 

Na n (Cell 5) 2C— CH 2— CH 2— C (Cell t) INa + 

Na. + (CeH6)2C=C(C«H5)2 -> Na+[(CflH5)2C--C(C6H6)2]- 

‘Mn • • • • • 

^Naa-^^ [(CcH5)2C-C(C6H5)2r 


subsequent course of the reaction is determined by the stability of the 
initial product. In the case of 1,1-diphenylethylene, two of the units 
combine to give the disodium derivative of 1,1,4,4-tetraphenylbutane. 
With tetraphenylethylene, dimerization does not occur but reaction 
with a second atom of sodium gives the disodium derivative of tetra- 
phenylethane. Conant and Scherp®'^ have found that isoprene and 

2.3- dimethylbutadiene add two molecules of triphenylmethyl in the 

1.4- positions, and this reaction can be formulated in a similar manner; 
there is also the possibility that it occurs by an ionic mechanism. 


Schlenk and Bergmann, Ann., 463 , 1 (1928). 
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CH 3 CH 3 

2(C6H6)3C- + CH 2 =C C=CH 2 

CH 3 CH 3 

(C 6 H 5 ) 3 C— CH 2 — C=C— CH 2 — C(C 6 H 5)3 

[R 3 C:]-Na++ CH 2 =^CH^CH^H 2 

^ [RsC— CH 2 — CH=CH— CH 2 :]-Na+ + H— NEt 2 
R 3 C— CH 2 — CH=CH— CH 3 + Na+[:NEt 2 ]- 

Ziegler and his collaborators ^ ^ ^ have found that alkali metal alkyls are 
active polymerizing agents for 1,3-dienes. By arresting the polymeriza- 
tion with diethylamine, phenylisopropyl potassium and butadiene gave 
l-(phenylisopropyl)-butene. The mechanism of this polymerization is 
not clear, but if the active reagent is the alkyl ion, the process would 
follow an ionic mechanism. This view finds some support in the observa- 
tion that the effectiveness of the alkali alkyls decreases in the order — 
benzyl > phenylisopropyl > triphenylmethyl— which is the reverse of 
the anionic stabilities and there^fore parallels their donor activity. 

The observation that molecular oxygen arrests the photocatalyzed 
addition of bromine to cinnamic acid ^ ^ ^ suggests that a radical chain 
occurs in the reaction. 

Bra 2Br- X— Y + Br- ^ X— Y— Br- 

X— Y— Br- + Bra Br— X— Y— Br + Br- 

•O— 0- + X— Y— Br- X— Y + -0— 0— Br 

•0 — 0 — Br + Br- — > Bra + ‘0 — 0- 

Molecular oxygen may arrest the chain reaction by conversion of the 
labile bromo-olefin radical (formulated as X — Y — Br-) into the original 
olefin and a stabler bromo-oxygen radical; the latter does not attack 
the olefin but can react with a bromine atom to regenerate molecular 
oxygen and bromine. The addition of halogens and halogen acids to 
olefins in the dark and in the presence of polar catalysts or solvents 
appears undoubtedly to involve an ionic mechanism (p. 1675), and in 
these cases molecular oxygen has little or no effect. 

In some instances it appears that the olefin itself reacts with molecu- 
lar oxygen to form a labile peroxide and that the latter may alter the 

Ziegler and collaborators, Ann,, 611 , 13, 45, 64, 101 (1934). 

Daniels and Bauer, J. Am, Chem. Soc., 66 , 2014 (1934). 
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mechanism of addition so as to bring about a reversal of the orientation 
of addition (p. 549). Studies by Kharasch and his collaborators^® indi- 
cate that the addition of hydrogen bromide to highly purified olefins 
in the absence of molecular oxygen or peroxides (or in the presence of 
anti-oxygens) occurs in the direction anticipated from theoretical con- 
siderations. This reaction, designated as the normal addition, follows 
a polar mechanism and usually occurs much less rapidly than the 

^ . CHs— CHBr— R 

CH^CHR + HBr ^ Normal reaction (polar) 

CHaBr— CH 2 — R 

Peroxide-catalyzed reaction 

peroxide-catalyzed reaction. It is possible that the peroxide-catalyzed 
addition occurs through an intermediate radical, but the detailed mech- 
anism is uncertain. The orientation of addition of hydrogen iodide to 
olefins is not reversed in the presence of peroxides, but this result may 
be due to the destruction by hydrogen iodide of the original peroxide 
or of a labile intermediate. 


TAUTOMERISM 

Tautomeric structures were classified by Laar^^^ in 1885 as dyad, 
triad, tetrad, and pentad systems, depending upon the number of atoms 
intervening between the initial and final positions of the mobile hydrogen 
atom. This classification serves as a convenient basis for consideration 
of their electronic characteristics. ^ ^ The ionic mechanism of tau- 
tomeric change (ionotropy) is now clearly established, and the two dif- 
ferent types of exchange are distinguished by the terms prototropy and 
anionotropy. The salient features of prototropic change, without ref- 
erence to the actual mechanism, are the following; (a) separation of a 
proton, (b) redistribution of the disengaged electron-pair by electro- 
meric displacements in the resulting anion, (c) recombination of a proton 
at the new anionic center. Anionotropic change has the converse ionic 
relationship, involving separation of an anion and redistribution of the 
resulting electronic deficit (open sextet). 

As a matter of convenience tautomeric change is formulated fre- 
quently as an intramolecular migration, but physical evidence indicates 
that the process involves an actual separation of the ions concerned. 
Prototropic change does not take place in the vapor or in the solid state; 

ii^Laar, Ber„ 18, 648 (1885). 

Baker, " Tautomerism,” Routlodge and Sons, London (1934); see, also. Waters, 
** Physical Aspects of Organic Chemistry,” Routledge and Sons, London (1935), 
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it is catalyzed by proton-donors and proton-acceptors (acids and bases), 
and is facilitated by an amphoteric solvent such as water. Bronsted 
and Guggenheim ^ ^ ^ have formulated the isomeric change in the presence 
of an amphoteric solvent by the general equation: 

B: + H— S + HA [BH]+ + S— H + [:A]- 

The symbols H — S and S — H are used to indicate the two forms of a 
prototropic compound; B and HA represent a basic catalyst and its 
conjugate acid. It will be observed that either isomer should give rise 
to an identical anion; an essential feature of the tautomeric relationship 
is a condition of equilibrium between two or more resonating structures 
(unperturbed states) of the anion. 

The condition of resonance may be indicated by writing the structure 
of one of the final (unperturbed) states and attaching the usual curved 
arrow symbols showing how the electronic configuration should be 
modified to represent the actual electronic distribution in the system.* 
The keto-enol systems provide typical illustrations. The conversion 
of one form of the anion into the other does not require the rearrange- 

a 13 y r r ir-.. I” a ^ y 

H 2 C— C==0 [hC— C=O j ^ LHC=C— 0:J HC=C— OH 

Keto form Mesomeric anions Enol form 

ment of any atomic nuclei, and the anion may react chemically as if it 
possessed either structure. As the terminal atoms are not identical, the 
distribution of the anionic charge between a and y is unequal and will 
be determined by their relative electron-attraction (effective nuclear 
charges) and polarizabilities, including the influence of attached groups 
(internal factors) and of the environment (external factors). 

Dyad Systems. Lapworth ^ ^ pointed out many years ago that 
tautornerism in odd-numbered systems (triad and pentad) does not alter 
the valence of any atom, but when an even number of atoms is involved 
(dyad and tetrad) the valence of one of the terminal atoms is changed 
by two units. Consequently, dyad and tetrad tautornerism can arise 
only in systems containing a terminal atom of variable valence, such as 

Bronsted and Guggenheim, J. Am. Chem. Soc., 49, 2554 (1927). 

♦Ingold {J. Chem. Soc., 1120 [1930]; Chem. Ree., 16, 225 [1934]) has pointed out 
that this notation does not distinguish between an elcctromcric polarizability effect and 
a mesomeric polarization, for the curved arrows merely denote a mechanism of electronic 
displacement which is supposed to characterize a molecular state or a process occurring 
in the course of a reaction. He has introduced curved bond signs without arrows to 

indicate the “ distributed ” electron pairs: O — CR — O would represent the mesomeric 

state of a carboxylate anion rather than 0=CR O. 

“5 Lapworth, J. Chem. Soc., 73, 457 (1898) 
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nitrogen, oxygen, or sulfur. The typical dyad system, hydrogen cyan- 
ide ^ isocyanide, was considered to involve bivalent carbon; the 

H— C=N C=N— H H— C=N: :C=N— H 

modern interpretation of this change is based upon the formulation of 
the isocyanide as an electrical dipole. The electronic theory has led 
to recognition of the circumstance that dyad and tetrad tautomerism 
always involves the creation of an electrical dipole and that the valence 
increase of two units consists of one covalence and one electrovalence. 
In the cyanide ^ isocyanide transformation, 4-covalent carbon becomes 
3-covalent and acquires one electrovalence (anionic); 3-covalent nitro- 
gen becomes 4-covalent and acquires one electrovalence (cationic). 

Oxime-nitrone tautomerism affords another illustration of valence 
changes in dyad prototropic systems. This type of tautomerism occurs 
in relatively few organic compounds but more frequently in inorganic 
molecules, such as nitrous acid, sulfurous acid, hypochlorous acid, 
hydroxylamine, hydrazine (see Peroxidic Systems, p. 1693). 

R2C=N— OH ^ R2C=NH— 0 0=N— OH ;=± 0=NH— 0 

Pro to tropic dyad systems 

CeHs— N=N— OH [CgHs— N=N:] [:OH]- 


CHs— N— CH— OH 



CHa— N=CH 


[:OH]- 


CHa CH2 


Anionotropic dyad systems 


Examples of dyad anionotropic systems are found in the pseudobases 
encountered frequently in alkaloid chemistry and in the diazonium 
hydroxides. 

Individual isomers of dyads are unknown, and it appears plausible 
to assume that a, id-migrations can occur spontaneously or, at least, 
more readily than a, 7-migrations. The apparently spontaneous inter- 
change in dyad systems is probably due to intermolecular association 
involving 2-co valent hydrogen (hydrogen-bridges). Resonance effects 
in the associated molecules tend to bring about a condition such that 


R2C=N N=CR2 

^H—C)/^ 

Dimeric “oxime” form 


R2C=B 


\ 

N=CR2 


\h<-o/ 


Dimeric “nitrone’^ form 
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the ‘^tautomeric ” forms lose their structural identity. Thus, the dis- 
tinction between an oxime and a nitrone vanishes when dimerization 
occurs. Similar resonating forms may be produced also in certain 
triad prototropic systems, especially those in which the terminal atoms 
are oxygen and nitrogen (amides, amidines, diazoamino compounds, 
etc.). It is remarkable that these are the particular cases in which all 
attempts to separate the individual tautomeric forms have been unsuc- 
cessful. 

Triad Systems. The best-known examples of tautomerism are the 
prototropic triad and pentad systems. These may be represented by a 
general equation, in which the atoms X, Y and Z may be carbon, 
nitrogen, or oxygen. 

X=Y— i-H 5=± H— X— Y=Z X=Y + Z— H H— X— Y— Z 

Triad prototropy Addition reaction 

A close relationship exists between tautomerism and reversible addition 
reactions;^ the mechanism of tautomeric change is an intermolecular 
process involving proton addition and elimination (p. 1705). The more 
important types of triad systems are shown in Table XVIII. Pentad 
systems may be regarded as extensions (vinylogs) of the corresponding 
triad structures. 

TABLE XVIII 
Triad Tautomeric Systems 


Three carbon H — C — C==C C— C — C — H 

Keto-enol H— C— C==0 C=C— O— H 

Imino-enamine H — C — C=N C=C — N — H 

Nitrile-imine H— C— C==N C=C=N— H 

Azo-hy drazone H — C — N =N C=N — N — H 

Nitroso-oxime H— C— N=0 C=N -0~H 

Aci-nitro H— C~N=0 C=N— O— H 

i i 

o o 

Amide-imidol H— N— C=0 N=C— 0— H 

Amidine H— N— C=N N=C— N— H 

Diazoamino H— N— N==N N=N— N— H 

Nitrosoamino H — N — N=0 N=N — O — H 

Allylic X— C— C=C C=C— C— X 


Ring-chain tautomerism affords a striking illustration of the analogy 
between tautomeric change and reversible additive reactions, since the 
ring form is an obvious addition product. The rings most frequently 
encountered are five-membered cycles containing one double bond and 


Ingold, ibid., 123 , 1706 (1923). 
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five- or six-membered saturated cycles; 
rings occur. 

CH— OH 


H— C— CH=0 
H— C— CO 2 H 



occasionally, three-membered 


R— C=0 

I 

CH 2 OH 


R— CH 




OH 


CH 2 


> 


Ring-chain tautomerusm 


H— C— CO— Cl 

II 

H— C— CO— Cl 


Cl 

/ 

C— Cl 



R— CH=CH— CH 2 — Br 

it 



Anionotropic 


R— CHBr— CH=CH 2 


systems 


The recognition of anionotropic triad systems is comparatively 
recent, and the examples are limited almost entirely to the three- 
carbon (allylic) type. Interconversion of the 1,2- and 1,4-adducts of 
conjugated dienes, the sym,- and uns?/m.-phthalyl chlorides, and deriva- 
tives of cinnamyl and phenylallyl alcohols^ are typical examples. 
The study of anionotropic change has not yet advanced as far as that 
of prototropic change, but it is of interest to note that a number of 
generalizations relating to their mobility and equilibrium, deduced from 
theoretical considerations, have been verified experimentally. The 
tendency to migration in the a-phenylallyl — cinnamyl series for dif- 
ferent potential anions follows the same sequence as the ionic stability: 
bromide > acetate > alcohol. 

CgHs— CH— CH=CH 2 C 6 H 5 — CH=CH— CH 2 — oh 

OH 

a-Phenylallyl alcohol Cinnamyl alcohol 

The individual alcohols can be obtained separately, and each can be 
esterified without a change of structure. Conversion of the a-phenyl- 
allyl esters to the cinnamyl esters can be effected by heating in a sol- 
vent; the rate of conversion varies with the ionizing power (dielectric 
constant) of the solvent: benzonitrile, acetic anhydride > chlorobenzene 

Burton and Ingold, ibid., 904 (1928); Burton, ibid., 248 (1930). 
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> p-xylene. Isomeri2ation of a-phenylallyl bromide is extremely 
rapid, so that the alcohol yields cinnamyl bromide when treated with 
hydrobromic and acetic acids. The observed influence of a-substituents 
upon the mobility of allylic systems is in agreement with the anticipated 

p-CI — C0H4 — ^ CH3 — C6H4 — > CgHs — » CH3 — >H 

sequence,*^® based upon the view that the mobility is increased by any 
group which can facilitate electron release ( - / or - T effect). 

The most effective activating groups for prototropic change will be 
those that have a strong electron attraction and can also provide a 
suitable seat for the charge on the electromeric anion. An ammonium 
group -NRs'^, in spite of its powerful electron-attraction (+/), does 
not satisfy the second requirement and, consequently, has only a weak 
activating influence. On the other hand, nitrile and carbonyl groups, 
which satisfy both requirements, have an extremely powerful activating 
effect. The relative activating effects in a series of carbonyl structures 
— CO — R will be enhanced by the ability of R to reinforces the electron- 
attraction of the carbonyl carbon (+/), but will be diminished by an 
ability of R to furnish electrons by electromeric electron-release (see 
Neutralized Systems, p. 1680). On this basis the activating influence 
of a series of groups, substituted at the a- or 7-position of a triad system, 
would decrease in the following order: 

Activation effects in X— Y — ZH — A=B 

A=B is — CO— C02Et>— CO— H>— CO— CH3>— CO— Cl> 

— CO— OCH3 > — CO— NH2 > — CO— O 

The anticipated order is in excellent agreement with experimental 
observations of the behavior of prototropic systems. It is of interest 
to note that substitution at the ^-position has much less effect than at 
the a- or 7-positions. Indeed, if the terminal atoms X and Z in a 
triad system X=Y — ZH remain constant, variations of Y have but 
little influence on the mobility of the system. 

Pentad Systems. When two activating groups X=Y and A=B 
are attached to the same atom, there results a pentad system of the 
general form X=Y — ZH — A=B. Many of the best known examples 
of tautomerism fall into this class, which may be regarded as ^ ^extended 
or 'double triad systems. In the pentad structures the mobility is 
determined largely by the characteristics of X, Z, and B; the atoms 
Y and A are much less significant. 

In simple keto-enol triads the position of equilibrium is very strongly 
toward the keto form, and effective enolization is usually brought about 
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through the influence of powerful reagents (strong acids or bases). 
In general the extent of enolization is greater in the pentad systems, and 
in many cases the equilibrium mixture contains more than 50% of the 
enol. The large amount of enol is probably due to the circumstance 
that the pentad systems permit the formation of chelate structures 
involving 2-covalent hydrogen (p. 1638) which derive additional 
stability from resonance effects. The phenols afford an excellent 
example of a parallel phenomenon; the enol form of a phenol is stabi- 
lized through the participation of the C=C in the resonance of the 
aromatic nucleus. 


A survey of the applications of modern electronic theories of chemi- 
cal reaction reveals that much progress has been made in the direction 
of correlating the vast subject matter of organic chemistry. The 
modern theories are more definite in a physical sense and yet are 
broader in aspect than the former theories. It is evident, of course, 
that many of the individual postulates and general ideas of the modern 
theory had existed in the earlier conceptions of Kekul6, Michael, 
Thiele, Lapworth, Fliirscheim, Noyes, Stieglitz, and others. The new 
theories appear to pr(\sent the essential truths of the older views in a 
more precise and unambiguous fashion, to eliminate misconceptions 
and inconsistencies in the older views, and to bring together many 
apparently isolated phenomena. 

An important contribution of the modem electronic concepts of 
valence as a basis for the interpretation of reaction mechanisms is this: 
the imposition, by the introduction of a few fundamental generaliza- 
tions (especially the principle requiring the maintenance of stable 
electronic configurations), of certain definite limitations upon the forms 
of electron displacement which it is permissible to assume in the course 
of chemical change. 

In conclusion it is appropriate to note briefly a few of the significant 
contributions of the modem theories. The recognition of two kinds of 
valence forces, electrovalence and covalence, has led to more accurate 
molecular models of organic systems and has rectified errors in the older 
structural formulas. The broad concept of electronic resonance 
(mesomerism) has been of great value in correlating structure and 
chemical reactivity. The notion that a hydrogen atom can hold two 
atoms together (2-covalent hydrogen, or hydrogen-bridge) has served 
to bring together and clarify a large number of experimental observa- 
tions that had long been regarded as unique or unrelated phenomena. 
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INTRODUCTION 

Any definition of a physical as distinguished from a chemical property 
is necessarily arbitrary since it is the physical properties of atomic dimen- 
sions and interatomic forces which determine both the physical and 
chemical behavior of molecules. Certain properties such as boiling point, 
refractive index, dipole moment, and many others have been commonly 
termed physical; other properties such as valence and thermodynamic 
functions have been called both chemical and physical. For the pur- 
poses of this chapter no definition of a physical property will be given, 
the commonly understood meaning of the term being accepted and ex- 
tended to include such borderline properties as free energy and heat of 
combustion. 

The objectives of the systematic study of the physical properties of 
organic compounds may be arbitrarily divided into four types. One of 
these objectives is the direct determination of molecular structures and 
of interatomic forces; another is the determination of molecular struc- 
tures by analogy, i.e., by comparing certain properties of compounds of 
unknown structure with those of compounds whose structures are known. 
A third objective is the prediction of the course and extent of chemical 
reactions. A fourth purpose of the study of physical properties is to pro- 
vide a method for predicting the properties of unknown compounds, 
or of known compounds whose properties have not been measured, and 
to afford a means of checking the accuracy of the physical constants of 
compounds. 

It is generally true that the study of a given property will be useful in 
connection with only one of the four objectives given, but it sometimes 
happens that the simultaneous study of several properties leads to 
results which are of value for more than one purpose. For example, the 
systematic study of densities enables the pnnliction of unknown densi- 
ties to be made, and studies of surface tension are useful for a similar 
reason; when these two properties are simultaneously measured for the 
same compounds, the results can be combined to yield parachor con- 
stants which may be used in determining molecular structures by anal- 
ogy. 

The value of the study of a given physical property depends to a 
considerable extent upon the care with which the study was designed 
and upon the accuracy with which the measurements w ere made. Lack 
of appreciation of these two factors by the experimenters has destroyed 
the utility of many such studies which are reported in the literature, and 
caution must be exercised in evaluating many of the published data. 
Although a large percentage of the older data must be discarded, some of 
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these data are quite trustworthy and have not been superseded up to the 
present time. 

The measurement of certain physical properties of molecules leads 
directly to a knowledge of the actual arrangement of the atoms in the 
molecules and of the forces which hold the atoms together. The study of 
x-ray and electron diffraction patterns, of absorption spectra, and of the 
Raman effect has been of particular value in giving a definite under- 
standing of the molecular configuration of simple molecules or of those 
exhibiting high degrees of symmetry. The analysis of data on dielectric 
constants leading to values of dipole moments has been very useful in 
affording knowledge of the electrical symmetry of molecules. 

The theoretical importance of determining molecular configurations 
and interatomic forces is obvious. From the point of view of more im- 
mediately practical use, such information is becoming increasingly valu- 
able because of recent advances in theoretical and experimental studies 
of reaction kinetics; it is probable that in the future it will be possible to 
calculate the rates of reaction (p. 802) of molecules in homogeneous sys- 
tems from such data. It has already proved convenient and reliable to 
calculate the equilibrium constants of certain reactions involving simple 
molecules from data obtained by studies of their absorption and Raman 
spectra. 

The study of another physical concept, thermodynamics, is import- 
ant for other reasons. Thermodynamics tells us what reactions will pro- 
ceed and how far they will go although it gives no information about the 
mechanisms of the reactions nor about the microscopic states of mole- 
cules. The development of a body of thermodynamic data on organic 
compounds is a slow and laborious procedure, but the existence of such 
data will have great practical value. 

By far the majority of the published data on physical properties 
gives no insight into molecular structure and does not allow the predic- 
tion of the course or extent of chemical reactions. The proper interpre- 
tation of the vast amount of available information of this sort has its 
principal value in the prediction of the properties of unknown com- 
pounds, in providing a means of identification of materials, and, when 
applied with caution, in serving as an empirical tool for proving the 
structures of new compounds by analogy. Of the properties of this type, 
the most commonly determined and used are density, molecular volume, 
surface tension, viscosity, melting point, boiling point, and refractive 
index. A great deal of effort has been devoted and is being devoted at 
the present time to making accurate determinations of the numerical 
quantities associated with this group of properties, and these properties 
will be treated first in this chapter. After a general discussion of the 
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group as a whole, the individual properties will be considered to lengths 
consistent with their importance and with the scope and extent of this 
chapter. The treatment of those properties whose analyses are aimed 
at the determination of intramolecular configurations and forces will be 
deferred until the latter part of the chapter. 

Since it is obviously impossible to discuss in detail the great amount of 
material in the literature which is pertinent to the subject, it has been 
necessary to limit the treatment to the consideration of those properties 
which are of greatest importance to the organic chemist. Methods of 
measurement cannot be given here, nor can discussions as to the reliabil- 
ity of data be entered into. For more detailed information the reader 
should consult in addition to standard texts ^ the more comprehensive 
treatises to be found on the subject.^' ® 

PROPERTIES WHOSE ANALYSES DO NOT LEAD DIRECTLY TO 
STRUCTURE DETERMINATION 

The physical properties belonging to the group which comprises 
density, molecular volume, surface tension, refractivity, and the like are 
determined by the kind and number of atoms in the molecules, by the 
position of the atoms in the molecules, and, except for very dilute gases, 
by the attractive or repulsive forces which the molecules exert upon each 
other. Extreme cases in which only one of these factors determines the 
value of the property being investigated can be found; for example, the 
molecular weight of a compound is calculated only from the number of 
atoms in the molecule, the sign of rotation of the plane of polarized light 
of two stereoisomers is governed solely by the spatial arrangement of 
the atoms, and the melting point of a pure compound depends almost 


^ Getman and Daniels, “Outlines of Theoretical Chemistry," John Wiley <fe Sons, 
New York (1931); Rodebush, “Introductory Course in Physical Chemistry,” Van Nost- 
rand Co., New York (1932); Taylor, “A Treatise on Physical Chemistry,” Van Nostrand 
Co., New York (1931), 2 vols.; Eucken, “Grundriss der physikalischen Chemie,” 4th ed., 
Akad. Verlag., Leipzig (1934); Henrich, “Theories of Organic Chemistry,” John Wiley 
& Sons, New York (1922). 

^Hiickel, “ Theoretische Grundlagen der organischen Chemie,” Akad. Verlag., Leipzig 
(1931), 2 vols. 

* Houben and W^eyl, “Die Methoden der organischen Chemie,” Thieme, Leipzig 
(1925-7), 4 vols. 

* Smiles, “The Relation between Chemical Constitution and Physical Properties,” 
Longmans, Green and Co., London (1910). 

® Cohen, “Organic Chemistry for Advanced Students,” Arnold & Co., London (1928), 
3 vols. 

* Freudenberg, “Stereochemie,” Deuticke, Leipzig and Wien (1933), 3 vols. 

^ Glasstone, “Recent Advances in Physical Chemistry,” 2nd. ed., Blakiston’s Son and 
Co., Philadelphia (1933). 

* “Handbuch der Physik,” Springer, Berlin (1926-34), 24 vols. 
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entirely upon intermolecular forces. The above are exceptional cases; 
nearly always the numerical value of a property is determined by a 
combination of all three factors. 

For purposes of analysis the detailed consideration of intermolecular 
forces may be eliminated. This is permissible because such forces are 
determined by the numbers and arrangements of atoms within molecules 
and hence are not independent of the latter. In the discussion of such 
properties as surface tension and viscosity, mention will necessarily be 
made of intermolecular forces; it must be remembered, however, that 
these forces bear the same relation to the intramolecular distribution of 
the atoms as effect to cause. 

The various properties of substances have been arbitrarily divided 
into three classes; colligative, additive, and constitutive. Colligative 
properties are defined as those which depend solely on molecular con- 
centration; they are of interest only in connection with mixtures of 
substances and will not be considered here. 

The Concept of Additive and Constitutive Properties 

Additive properties are those which are influenced by the numbers of 
atoms in the molecules, e.g., molecular weights. Constitutive properties 
are those which depend only on the relative spatial configuration of the 
atoms in the molecule. Almost all properties exliibit both additive and 
constitutive components which it is difficult or impossible to separate. 

The concept of additive and constitutive properties is exceedingly 
valuable in the analysis of data which are to be used in deriving molecular 
structures by analogy. The physical constants of a series of compounds 
are examined and an attempt is made to determine the contributions of 
the individual atoms or groups of atoms in the molecule by assigning 
certain numerical values to these atoms or groups, these values being 
chosen in such a manner that their sum is equal to the total values ob- 
served experimentally. Almost always it is found impossible to arrive at 
satisfactory unit or group values. It is therefore necessary to introduce 
certain corrections which are determined by the structural characterist- 
ics of the molecule. It is the success with which these constitutive cor- 
rections are applied that determines the value of the analysis and the 
utility of the method for predicting properties and verifying postulated 
structural formulas. 

Examples of the Effect of Constitution on Properties 

The great importance of the constitutive factor in many physical 
prop)erties is illustrated by a table of some properties of the isomeric 
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xylenes. T. W. Richards^ has pointed out certain relatlonsliips existing 
between various properties. Thus, additive factors being equal, sub- 
stances with high boiling points have relatively smaller specific vol- 
umes, greater surface tensions, smaller compressibilities, smaller coeffi- 
cients of expansion, greater molal heats of vaporization, and greater re- 
fractive indices than substances with lower boiling points. 

TABLE I 

Comparison of Physical Properties of Isomers 


Property 

o-Xylene 

7yi-Xylene 

p-Xylene 

Boiling point 

144° 

139° 

136° 

Melting point 

1 

00 

-54° 

+ 15° 

Density 

0.8811 

0.8658 

0.8611 

Compressibility 

61.2 

64.8 

67.5 

Coefficient of expansion 

973 

994 

1009 

Molecular heat of vaporization 

8.75 

8.71 

8.60 

Surface tension 

3.09 

2.96 

2.92 

Refractive index 

1.5078 

1.5002 

1.4985 

Pressure to produce M.P. at 30*^ 

490 

2400 

4000 


Studies by Schurman and Boord^^ on the effect of the shift of the 
double bond on the properties of a number of isomeric olefins afford other 
examples of constitutive influences. In Table II are collected data on the 
mono-olefinic derivatives of n-octane; the properties of n-octane are 
included as reference points. It is seen that except for 1-octene the boil- 

TABLE II 

, Derivatives of ?i-Octane 


Structure 

Boiling Point 
(760 mm.) 

Density, 

Index of 
Refraction, /ip 

C — Q — c — c C— C C— c 

125.59 

0.70279 

1.39760 

c — c=c — c — c — ^c — c — c 

124.6-124.9 1 

.7193 

1.4147 

C--C--<^=<l--C--C--€--C 

122.7-122.9 

.7181 

1.4139 

C— C--C--C===C— C — C—C 

121.9-122.3 

.7184 

1.4140 

c==c— c— c— c— c— c—c 

120.9-121.2 

.7151 

! 1 . 4091 


•Richards, Trans. Faraday Soc., 84, 111 (1928). 

Schurman and Boord, J. Am. Chem. 5oc., 55, 4930 (1933) ; this paper contains 
references to earlier work in this series. 
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ing points become increasingly lower than that of n-octane as the double 
bond approaches the center of the molecule. The refractive indices and 
densities do not vary regularly with the position of the unsaturated 
linkage. 

Table III presents data from which may be seen the effect of branched 
chains and the position of the double bond on the properties of hexenes. 
In the table, A values represent deviations from the properties of the 
corresponding saturated hydrocarbons. 


TABLE III 
Hexenes (Type I) 


Structure 

ab.p. 

A j20 

An?? 

C 

1 




C=c--C— c 

I 

-9.5 

H-.OOll 

+ .0050 

c 

c=c— c— c— c 
i 

-9.5 

-h.0054 

+ .0042 

c 

c=c— c— c— c 
i 

-6.5 

+ .0138 

+ .0081 

c 

c==c—c~c— c—c 

-5.1 

I 

+ .0137 

+ .0107 


Other general studies by Midgley and Henne, ^ ^ by van Arkel, ^ ^ by 
Vogel, ^ ^ and by Calingaert and Hladky ^ ^ on the relation between con- 
stitutive factors and a variety of physical properties of hydrocarbons, 
esters, acids, and other compounds have recently appeared. 

Discussion of Specific Properties 

In the following sections will be found a few of the assigned individual 
group and linkage values for some of the physical properties which have 
been empirically analyzed with some degree of success. Included with 
these values are the constitutive correction factors for double bonds, 
triple bonds, primary, secondary, and tertiary groups, conjugated 
groupings, cyclic systems, etc. In most of the studies of physical proper- 
ties it has been necessary to remove certain variable factors by main- 

Midgley and Henne, Ind. Eng, Chem., 22 , 542 (1930). 

van Arkel, Rec. trav. chim., 53 , 247 (1934). 

Vogel, J. Chem. Soc., 333 (1934). 

Calingaert and Hladky, J. Am. Chem. Soc., 58 , 153 (1936). 
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taining conditions of observation at a constant or uniform state, i.e., 
molal volume at constant temperature, specific heat at the critical 
temperature, etc. As often as possible, the conditions have been chosen 
to minimize or remove the influence of another property upon the one 
being measured. 

Melting Points and Boiling Points. Perhaps no two properties are 
more generally measured by the organic chemist than the melting points 
of solids and the boiling points of liquids. Melting points of solids are 
invariably given in the literature as fundamental constants for pur- 
poses of identification; boiling points are given as less satisfactory 
indices of the identity of liquids. Although the melting point of a pure 
solid is usually a reliable means of identification, the boiling point of a 
pure liquid is far less satisfactory for this purpose unless great care is 
taken in controlling the conditions of measurement. Aside from the diffi- 
culty of determining boiling points accurately, the latter are also less 
dependent upon traces of impurities than melting points. 

Attempts to correlate the structures of compounds with their melting 
points and their boiling points have enjoyed only limited success. It is 
difficult to separate the observed data into their constitutive and addi- 
tive components because these components manifest themselves through 
intermolecular forces which are only vaguely understood. 

Certain empirical relationships have been discovered which are of 
interest because of their value in prediction and identification. King and 
Garner^"'* observed a definite relation between the number of carbon 
atoms in a fatty acid molecule and the entropy change on crystallization. 
They found that in acids containing more than tw^elve carbon atoms the 
heat of crystallization, Q, increases at the rate of 2.06 cal. per g.-mol. 
for every two CH 2 groups added. In the same series the melting points 
first drop to a minimum at four or five carbon atoms and then rise and 
gradually become linear. In this, as in most other aliphatic series, the 
odd and even carbon compounds form two separate series whose melting 
points eventually approach a common curve. Fig. 1 illustrates the 
data of King and Garner. 

Timmermans ^ ^ has discussed the phenomenon of alternation of melt- 
ing points of the even and odd members of substituted or unsubstituted 
paraffin series. He defines normal alternation as that in wffiich the melt- 
ing-point values of the even-numbered carbon compounds are higher 
than those of the adjacent odd menibers of the homologous series. The 

King and Garner, J. Chem. Soc., 578 (1931). 

(a) Hildebrand and Wachter, J, Am. Chem. Soc., 51 , 2487 (1929). (b) Chuit and 

Hausser, Helv. Chim. Acta, 12 , 850 (1929). (c) Ruzicka, BuU. soc. chim. Bclg., 41 , 565 

(1932). 

Timmermans, Bull. eoc. chim. Belg., 38 , 295 (1929). 
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assignment of a compound to the even or to the odd series is determined 
by the number of carbon atoms in the normal paraffin chain. Thus, 
hexanol with six carbon atoms in the chain is a member of the even 
series, whereas its isomer, 3-methyl-l-pentanol, with five carbon atoms 
in its principal chain, is a member of the odd series. There is occasional 
dfficulty in definitely assigning odd or even properties to the first mem- 



Fiq. 1 . * Melting points and heats of crystallization of n-fatty acids. 

(Q = heat of crystallization in cal. per mole.) 

ber of an homologous series; for example, toluene and not benzene 
should be considered the first member of the mono-alkyl benzene series. 

It has been observed^® that the viscosity values of the members of 
certain homologous series show the same alteration effect as their melt- 
ing points (Fig. 2). This may indicate that the more viscous com- 
pounds are subject to intermolecular forces and orientation effects sim- 
ilar to those existing in crystalline materials. 

For the higher members of an homologous series, empirical formulas 
have been developed from which the melting points can be calculated 
with reasonable accuracy. Austin ^ ^ has suggested the equation, 

logM = A + BTm 

* From data of King and Garner, loc. dt. (Courtesy of publishers.) 

Ceder, Ann. Univ. Fennicae Alveriss, Ser. A2, No. 4 [ C. A., 22 , 3137 (1928) ]. 

1® Austin, J. Am, Chem. Soc., 62 , 1049 (1930). 
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where M is the molecular weight, Tm is the melting point, and A and B 
are constants. The constants A and B are generally different for each 



homologous series (Fig. 3), although the constant B, which gives the 
slope of the curve, may be the 
same for several different series. 

Thus, for n-hydrocarbons and 
n-alcohols B has the value 0.0040, 
and hence the log M, T„i curves 
for these series have the same ^ 
slope. Variations in the structures ^ 
of homologous series usually pro- 
duce changes in the slope of the 
curves. The curves for mono- 
saccharides, aromatic alcohols, and 
aromatic acids have negative 
slopes as contrasted with the Fig. 3.t Relation of molecular weight 
positive value of B found for to melting point for homologs. 

paraflSn hydrocarbons. Since constitutive effects are important in 



Melting Point 


♦ From data of Ceder, loc. cU, (Courtesy of publishers.) 
f Taken from Austin, loc. cit. (Courtesy of publishers.) 
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determining melting points, isomers will not fit on a single curve. In 
the analysis of the data by Austin no attempt was made to account for 
the alternating effect of the odd and even carbon compounds; in the 
higher members of an homologous series this effect often becomes 
negligible. 

The value of the treatment just discussed lies in its use in predicting 
the melting points of unknown compounds or in checking the constants 
of new products. If the melting points of three or four members of an 
homologous series are known, a curve can be constructed from which. 



by extrapolation or interpolation, the melting point of an unknown 
member of the series can be determined. 

Several generalizations can be made. With simple compounds the 
melting point is higher for molecules exhibiting high symmetry than for 
those which are unsymmetrical. Of a group of isomers, those having the 
higher electric moments usually have the lower melting points; for 
example, cis compounds have lower melting points and higher electric 
moments than trans compounds, while in the aromatic series ortho 
isomers usually have lower melting points and higher momenta than para 
isomers. The variation of melting points in a group of isomers finds 
parallel behavior in changes of other properties 2 - (Fig. 4). 

^ Hildebrand and Wachter, J. Am. Chem. Soc., 61, 2487 (1929). 

* Taken from Klemm and Klemm, loc. cit. (CourtcHy of publishers.) 

21 Freudenberg, “Stereochemie,” Deuticke, Leipzig and Wein (1933), 3 voU. 

22 Klemm and Klemm, Z. physik. Chem., A161, 71 (1930). 
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Boiling points are generally less subject to structural influences than 
melting points, and correlations between structures and boiling points 
are not satisfactory. The effect of external pressure on the boiling points 
of liquids is well known. It has been observed that the members of most 
homologous series have approximately the same heats of vaporization, 
i.e., the relationship between the logarithm of the vapor pressure and the 
absolute temperature is about the same for all members of the series. 
This observation is of value in predicting the boiling points of compounds 
at different pressures. 

Of the numerous equations developed for the prediction of boiling 
points, the following expression of Nekrasov may be cited as an 
example: 


T.^K 


M - S 

Vs 


In the equation, T, is the boiling point in degrees absolute, M the molec- 
ular weight, 2 the sum of certain empirical equivalents (see Table IV), 
and K a constant (about 29.0 for hydrocarbons). 


TABLE IV 

Equivalents for Calculation of the Boiling Points of Organic 
Compounds (Nekrasov) 


c 

2.0 


Each C atom mo.e than 10 

-hO.25 

H 

1.0 


=CH2 

-hO.25 

Tort. C in ring 

1.50 


— CHs on tert. C 

-hO.25 

Quat. C in ring 

1.75 


— CHs on quat. C 

-h0.50 

Double bond in 

1.00 


(==c— o= 

-0.50 

2 rings 



l==C= 

-1.75 

Benzene ring 

1.00 


— CH=CH~- 

-0.75 

Other rings 

Sat. 

Unsat. 

Sat. 

Unsat. 

3 members 

-fO.75 


5 members 0 . 00 

-h0.50 

4 members 

-fO.20 

-hi. 00 

6 members 0 . 00 

0.00 


The calculation of the boiling point of ethane will serve as an example 
of the use of the data given in Table IV. Ethane has 2 carbon atoms 
and 6 hydrogen atoms; the value of 2 is equal to 2 X 2 + 6 X 1 = 10. 
Using the value 29.0 for A", T, is calculated to be 183° K. The boiling 
point of ethane is observed to be 185° K. 

Nekrasov®^ has pointed out that the formula T, = — is apphe- 


” Nekrasov, ibid., A141, 378 (1929). 
« Nekrasov, ibid., A148, 216 (1930). 
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able when the compound whose boiling point is being calculated is 
homopolar in character. 

Values more accurate than these derived by the use of Nekrasov's 
simple equation can be computed by considering in more detail the 
various structural influences in the molecule. The necessity of applying 
a great number of constitutive factors in calculating boiling points argues 
that the relation between structure and boiling point is not understood. 
In some series of calculations as many as 250 values for special types of 
linkages and groups are employed, and the necessity for such a number 
of individual factors detracts from the utility of the method. Neverthe- 
less, the boiling points of some 1500 compounds have been fairly accur- 
ately predicted. For example, the boiling points of the isomeric hydro- 
carbons, sabinene, and pinene, are given in the literature as 438 and 
429° K., respectively; they are calculated to be 438 and 428° K. 

Other formulas have been proposed, but will not be dis- 

cussed here. 

Van ArkeF® in a series of papers on the relation between boiling 
points and dipole moments of isomeric olefins has offered the following 
generalizations: 

1. A 1,2-dialkyl substituted ethylene has a higher boiling point 
than the mono substituted ethylene of the same molecular weight. 

2. A 1,2-dialkyl substituted ethylene has a higher boiling point 
than the corresponding 1,1-compound. 

3. The replacement of a n-alkyl group in an olefin by an iso 
group results in the lowering of the boiling point by about 10° C.; 
the replacement of the iso group by a tertiary group causes an addi- 
tional 10° C. decrease. 

Internal Pressure, Association, Solubility, and Surface Tension. 

In many of the properties of liquids, the effect of constitutive and 
additive factors is made apparent only indirectly through their effect on 
intermolecular forces. The properties of internal pressure, association, 
solubility, and surface tension fall into this category since each depends 
directly on the attractive forces exerted between the molecules of the 
liquid. Although it is not too difficult to obtain at least a relative mea- 
sure of the intermolecular forces exerted by molecules in the gaseous 
state, no completely satisfactory method has been devised for making 
measurements of these forces in liquids. As a result, the interpretations 

26Billig, Svensk. Kern. Tid., 43 , 252 (1931); 44 , 169, 235 (1932). 

Mokrishin, J. Gen. Chem. (U.S.S.R.), 1 , 856 (1931); 2 , 911 (1932). 

27 Prasad, J. Indian Chem. Soc., 10 , 135 (1933). 

28 van Arkel, Rec. irav. chim., 03 , 246 (1934). 



CONSTITUTION AND PHYSICAL PROPERTIES 


1725 


of the causes which lead to variations in the properties of the sort men- 
tioned above are either lacking or uncertain. It must not be construed 
from these statements that careful studies of such properties as surface 
tension are without value; on the contrary, their practical importance 
is well established. 

If we write the well-known van der Waals^ equation in the form 
p = ^ 

V -b F2 

where V is the molal volume of the liquid, it is seen that there are two 
independent factors which contribute to the total pressure, P. The first 
expression on the right is positive and is interpreted as the pressure due 
to the thermal agitation of the molecules; the second expression is nega- 
tive, i.e., tends to counteract the effect of thermal agitation, and is due 
to the attractive forces exerted between the molecules. The term 
where a is a constant and V is the molal volume, is defined as the internal 
pressure. It must be remembered that the internal pressure is exerted 
inward, into the body of the liquid, and is different in this respect 
from pressures as they are ordinarily considered. The internal pres- 
sure a/F“, may be approximated by an expression more conveniently 
measured, L/F, where L is the molal heat of vaporization and F is the 
molal volume. Table V gives the internal pressures of some organic 
liquids as tabulated by Mortimer. 

TABLE V 

Relative Internal Pressures 


Comjiound 

Relative Inter- 
nal Pressur(‘s 

Compound 

Relative Inter- 
nal Pressures 

Hexane 

0.56 

Naphthah'iie 

1.00 

Diethyl ether 

0.62 

p-Dibromobenzeno 

1.09 

Ethyl acetate 

0.73 

I-ith^dene dibromide .... 

1.13 

Carbon tetrachloride. . . 

0.81 

Pyridine 

1.17 

Toluene 

0.90 

Carbon disulfide 

1.18 

Benzene 

0.96 

Phenol 

1.4 



Water 

4.5 


By association is meant the coalescence of several molecules of the 
same species to a degree of firmne.ss which enables the group to act as a 
unit during certain physical measurements. The degree of association of 

2* Mortimer, J. Am. Chem. Soc„ 44 , 1416 (1922). 
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various substances is determined by a variety of factors not. clearly 
understood, but generally is greater for polar than for non-polar com- 
pounds. Molecular association is frequently responsible for apparent 
deviations from generalized rules applying to other properties; thus, 
it is often responsible for boiling points being higher than predicted and 
for similar increases in viscosity, density, and refractive index. Longin- 
escu^® has pointed out an empirical relationship between the molecular 
volumes and the degrees of association of some liquids. If the molal con- 
centration of a liquid (Cm) be defined as the number of gram molecules per 
liter, the degree of association is nearly equal to Cm/10. 

TABLE VI 

Comparison of Molecular Association and Molal Concentration 


Compound 

Degree* 

of 

Asso- 

ciation 

c„,/10 

Compound 

Degree 

of 

Asso- 

ciation 

c„/10 

Ethyl alcohol 

1.8 

1.71 

Nitroe thane 

1.40 

1 .39 

Ethyl ether 

0 . 99 

0.99 

Toluene 

0.94 

0.94 

Propyl alcohol 

1.4 

1.39 

Aniline 

1.05 

1.10 

Ethyl acetate 

1.08 

1.05 

Benzonitrik^ 

0.97 

0.97 

Methyl formate 

1.62 

1.60 

Chlorobenzene 

0.99 

0.98 

Acetic anhydride .... 

1.04 

1.06 

Bromobenzene 

0.94 

0.95 

Carbon tetrachloride . 

1.01 

1.04 

Phenol 

1.13 

1.13 




Chloral 

1.02 

1.02 


The degree of association for each compound in Table VI has been 
calculated from the Ramsay-Shields equation {vide infra) by considering 
deviations from the simple law. This procedure is not universally 
legitimate but appears to be satisfactory when applied to systems of 
simple molecules. The values of the degree of association in Table VI 
which are not integers obviously do not imply that a fraction of a mole- 
cule enters into combination with another; a non-integral value means 
that the actual number of particles (molecules plus complexes) is less 
than the number calculated from Avogadro^s law by the ratio (calculated 
value) / (degree of association measured) . 

The solubility of one substance in another is determined largely by 
the relative intermolecular forces between the like and unlike molecules. 
Since internal pressures are a measure of these intermolecular forces, it is 


Longinescu, Chem, Rev., 6 , 410 (1929). 
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to be expected that substances with internal pressures nearly equal will 
be more miscible than those whose internal pressures differ appreciably 
from each other. The differences in solubility of a solute in a series of 
solvents will therefore be determined by the differences between the in- 
ternal pressures of the solute and the various solvents. Mortimer^ ^ 
has tabulated data on the solubility of p-dibromobenzene in a variety of 
solvents of different internal pressures. 

TABLE VII 

Solubility of />-Dibromobenzene 


Solvent 

Internal Pressure 

Solubility, Moles Solute 
per Liter of Solvent 

Hexane 

0.56 

8.6 X 10“2 

Diethyl ether 

0.62 

18.3 

Carbon tetrachloride* 

0.81 

19.3 

Benzene 

0.96 

21.7 

p-Dibromobenzene 

1.09 

(24.8) 

22.4 

Carbon disulfide 

1.18 

N itrobenzene 

1.07 

17.4 

Aniline 

1.4 

10.7 

Phenol 

14 

4.67 

Ethyl alcohol 

2 9 

1.98 



In Table VII it will be noted that the ideal solubility of 24.8, i.e., the 
solubility of p-dibromobenzene in pure p-dibromobenzene, is approached 
when the internal pressure of the solvent is nearly that of p-dibromo- 
benzene. When the internal pressure of the solvent differs greatly from 
that of p-dibromobenzene, the solubility of the latter is relatively low. 

Since the internal pressure of a polar compound is usually greater 
than that of a non-polar compound, a polar compound is less soluble in 
a non-polar than in a polar solvent. Similarly, non-polar solutes are less 
soluble in polar than in non-polar solvents. A change in the structure of 
a compound which likewise changes its polarity will alter appreciably the 
solubility behavior of the compound. Thus, in the alcohol and fatty acid 
series the lower, polar members are soluble in water while the higher, 
less polar members are soluble in the more non-polar solvents such as 
hydrocarbons. 

Hildebrand^ has pointed out that Raoult^s law can sometimes 

Mortimer, J, Am. Chem. Soc., 45 , 633 (1923). 

” Hildebrand, ibid., 51 , 66 (1929). 

** Hildebrand, ibid., 87, 970 (1915). 
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be utilized in the determination of solubilities. Liquid substances show- 
ing no heats of solution or no deviations from additivity of volumes on 
solution in general obey Raoult^s law; the evolution of heat or a de- 
crease of volume upon dissolving one substance in another usually in- 
dicates a negative deviation from the law, whereas changes in the op- 
posite direction indicate a positive deviation. If two substances have 
essentially the same heat of solution, their solubilities in a given solvent 
will be in the order of their melting points. 

Surface tension is the most easily determined of the properties which 
are strongly dependent upon intermolecular attraction. Surface tension 



Fig. 5.* — Relation between surface tension and temperature. 


is a measure of the amount of work done in forming the surface of a 
liquid, that is, in overcoming the internal attractive forces and bringing 
the molecules to the surface. Although this property is conveniently 
measured for liquids, no satisfactory method has been devised for de- 
termining the surface tension of solids. 

Several empirical equations relating temperature and surface tension 
have been proposed; in one of these equations the five-sixths power of 
the surface tension is made proportional to the temperature. In Fig. 5 
(taken from Sugden^^), where 7 ^^ is plotted against T for several sub- 
stances, it is seen that many liquids obey the exponential law whereas 

* Taken from Sugden, loc. cit. (Courtesy of publishers.) 

** Sugden, “The Parachor and Valency,” Routledge and Sons, Ltd., London (1930). 
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certain compounds such as methyl alcohol and acetic acid deviate from 
it. These compounds which do not follow the law are associated, and 
the deviations are probably due to changes in degrees of association with 
temperature. ^ ^ 

The most general relation between surface tension and temperature 
is that of Eotvds, Ramsay, and Shields. Their equation holds for non- 
associated liquids up to the critical temperature and is expressed as 
follows: 


7 


/ M 

\d - d) 


= KiT. - T) 


where 7 is the surface tension, M the molecular weight, D and d the 
densities of the liquid and gaseous forms of the substance, Tc the critical 
temperature, T the temperature of observation, and K a constant. The 
constant K is usually about 2.1 for non-associated liquids when the 
temperature is expressed in degrees centigrade. 

The analysis of surface tension data has not led to the satisfactory 
assignment of additive and constitutive values for various atomic groups 
and linkages. This is due, as mentioned before, to the lack of under- 
standing of the effect of these factors on intermolecular forces. It is well 
known that molecular orientation at the surface plays a large part in the 
determination of the surface tension of a liquid. It has been found^^ 
that the molecules of organic liquids are oriented at the surface in much 
the same manner as atoms and molecules in crystals. This ordered ar- 
rangement has made it possible to examine organic liquids by x-ray 
reflection measurements and to determine, for some molecules, their 
configurations and dimensions. 

The surface tension between two liquids, called the interfacial ten- 
sion, is determined by the surface tension of each and by the attractive 
forces exerted between the unlike molecules. Bartell*^^ reports that 
when two liquids are mutually insoluble, e.g., in systems comprising an 
organic liquid and mercury, the individual interfacial tension values 
between one liquid and the members of an homologous series decrease 
progressively if the surface tension values of the members of the series 
increase progressively. With a strongly polar substance like water as one 
of the interfacial liquids, the interfacial tension of aliphatic compounds 
decreases in the order: saturated hydrocarbons, unsaturated hydro- 
carbons, alkyl halides, esters, ethers, ketones, aldehydes, amines, 
alcohols, acids. 

Barbulescu, J. chim. phys., 29 , 418 (1932). 

** Stewart, Rev. Modern Phys., 2 , 116 (1930). 

Bartell and co-workers, J. Am. Chem. Sac., 65, 2419 (1933). 
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TABLE VIII 

Interfacial Tensions (Dynes/cm.) 


Phase 1 

Phase 2 

Air-vapor 

Water 

Hg 

Water 1 

72.75 


375 

Benzene 

28.86 

35.00 

364.3 

Toluene .... 


36.1 

363.6 

Chloroform 

27 1 

32.80 

357 

Aniline 

42.66 

6.8 

341 

Diethyl ether 

17 

10.7 

379 

Nitrobenzene 

43.38 

25.66 

349 

n-Hexane 

18.43 

61.1 

379.9 

?i-Heptane 



378.7 





n-Octane 

21.77 

50.81 

376.0 


Density, Molecular Volume, Parachor, and Nullpunktsvolume. 

The actual volume of the molecules of a gas at moderate pressures is 
relatively small compared to the total volume occupied by the gas. 
Intermolecular forces are therefore considerably weaker in the gaseous 
than in the liquid state, and those properties of liquids which are de- 
termined almost entirely by such forces are often unimportant in a gas. 
On the other hand, properties which do not depend primarily upon inter- 
molecular forces are usually most accurately measured in the gaseous 
state. Conditions similar to those which hold in a gas are often ap- 
proached in dilute solutions when the solvent is chemically inert and 
electrically non-polar. 

The apparent size of a molecule in the gaseous state depends upon 
the method of measurement. Thus, if the molecular size of a substance 
is determined by means of viscosity measurements, a value is obtained 
which is a measure of the distance from the center of the molecule to a 
shell of frictional drag; if the diameter is measured by a method which 
depends upon the number of collisions undergone by the molecule, a 
figure is obtained which is an expression of the distance from its center to 
the point of nearest approach of the colliding particle. 

Molecular sizes are additive in the sense that they can be calculated 
from the equilibrium distances of atoms in various types of linkages and 
from known bond angles. 

The gram-molecular volumes of organic compounds in the liquid and 
solid state are defined as Mv = iif/d, when Mv is the molecular volume, 
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M the molecular weight, and d the density. Two factors which marked- 
ly influence the molecular volume of a substance are temperature and in- 
ternal pressure. In order to determine the additive and constitutive 
elements which constitute total molecular volume it is necessary to elim- 
inate intermolecular attraction as much as possible. This has been ac- 
complished by measuring the partial molal volumes of substances in 
dilute solutions of inert solvents. From measurements of partial molal 
volumes of various compounds in the same solvent and at the same 
dilution, Traube^® concluded that in dilute solutions molar volumes, or 
molecular solution volumes as he termed them, could be calculated from 
atomic constants. Recent work^® has applied this principle of molecular 
volumes observed in dilute solutions to the calculation of additive con- 
stants with a considerable degree of success. 

An excellent example of the utility of the systematic study of a phys- 
ical property for purposes of predicting and checking numerical values 
of the property is afforded by a study of the molal volumes of normal 
alkanes as reported by Calingaert and Hladky . ^ ^ 

A highly successful method of taking account of intermolecular 
forces in calculating additive and constitutive factors of molecular vol- 
umes has been developed by Sugden.^^ Macleod observed the empirical 
relationship y = C (D-d)^, where y is the surface tension of a compound, 
D its density in the liquid form, d its density in the vapor form, and C 
a constant. Sugden multiplied this expression by Af, the molecular 
weight, and obtained 


My^^ 

D-d 


MC = P 


where P is called the parachor. 

At the critical temperature, the surface tension of a compound is 
zero, since the intermolecular attractive forces are equal to the thermal 
kinetic forces. Since 7 = 0 for all compounds at their critical tempera- 
tures, molecular volumes measured at these temperatures are more 
strictly comparable when additive and constitutive factors are being 
investigated. Sugden has pointed out that the parachor for most sub- 
stances is equal to 0.77 times the molecular volume at the critical tem- 
perature, i.e., P/Vc = 0.77.* 


Traube, “Samml. chem. chem.-t,ech. Vortrage,” Vol. 4, p. 255 (1899). 

Cohn, McMeekin, Edsall, and Blanchard, J, Am. Chem. Soc., 56 , 784 (1934). 

^ Sugden, “The Parachor and Valency,” Routledge and Sons, Ltd., London (1930). 

* It would seem at first sight that P should equal zero at the critical temperature since 
7 ““ 0. This is not necessarily true, because D-d also equals zero and the quotient of 
7^^ and D-d is indeterminate. There is therefore no reason to expect a sudden discon- 
tinuity in the value of P as the temperature approaches the critical temperature. 
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In Table IX are found data collected by Sugden. In this table, P is 
the empirically calculated parachor, Vc is the molecular volume at the 
critical temperature, and a is the molecular area as calculated from col- 
lision numbers. 

TABLE IX 

Parachors, Critical Volumes, and Mean Collision Areas 


Compound 

P 

Fc 

PIVc 

a(X 10‘») 
cm^ 

P^/o 

Propyl acetate 

256.1 

345.3 

0 74 

17.11 

2 30 X 10^« 

Ethyl acetate 

217.1 

286.3 

0 76 

15.01 

2.41 

Methyl acetate 

177.0 

227.8 

0.78 

12.80 j 


Methane 

73.2 

99 

0 74 

7.72 

2 27 

Ethane 

110.5 

143 

0 77 



Ethylene 

99.5 

127 

0.78 

10.81 

2.16 

Methyl chloride 

110.4 

136 

0 81 

9.67 

2 38 

Ethyl chloride 

149.4 

194 

0 77 

11.94 

2 36 

Methyl formate 

138.6 

172.0 

0.81 

17.11 

2 30 

Ethyl propionate 

254.8 

344.3 

0.74 



Diethyl ether 

211.7 

281.9 

0 75 



Benzene 

206.3 

256.1 

0.81 

13.83 

2.52 

Chlorobenzene 

244.5 

307.8 

0 80 





Mean 

0.77 

Mean 

2 32 


The analysis of parachor values for a great number of compounds has 
proved highly successful. Perhaps no empirical function except mole- 
cular refraction is at present as important for purposes of structure 
identification as the parachor. Much work has been done and is being 
done to arrive at satisfactory numerical parachor values for the various 
structural units which comprise most organic compounds. SippeH^ 
has prepared a set of atomic constants for non-cyclic compounds and a 
series of increment values for cyclic compounds; reasonably satisfactory 
values are obtained by his method, although no reference is made to the 
linking of the various atoms. Mumford and Phillips have revised 
Sugden^s constants to correct errors in the parachors of higher homologs 
and have considerably improved the accuracy of the calculated values as 
compared to those observed. VogeH’^ has recently revised some of 
Sugden's original values. 

Sippel, Ber., 63 , 2185 (1930). 

Mumford and Phillips, J. Chem. Soc,, 2112 (1929). 

^3 Vogel, ih;d., 333 (1934). 
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Parachor values for some structural units as calculated by various 
investigators are collected in Table X. A computation of the parachor 

TABLE X 

Atomic and Structural Constants for Calculation of the Parachor 



S.* 

M.P. 

V. 

CIL 

39.0 

40 0 

40.3 

C 

4.8 

9.2 

11.5 

H 

17.1 

15.4 

14.4 

0 

20.0 

20.0 


O 2 (Ester) 

60.0 



N 

12.5 

17.5 


S 

48.2 

50.0 


F 

25.7 

25.5 


Cl 

54.3 

55.0 


Br 

68.0 

69.0 


1 

91.0 

90.0 


Single bond 


-9.5 


Double bond 

23.2 

19.0 


'triple bond 

46.6 

38.0 


3-Membered ring 

16.7 

12.5 


4- “ ‘ ^ 

11.6 

6.0 


5- 

8.5 

3.0 


()- 

6.1 

0.8 


7- 


-4.0 



* 8. •= Sugden; M. P. - Mumford and Phillips; V, « Vogel. 


value for benzene illustrates the use of the data in Table X. Benzene 
has 6 carbon atoms, 6 hydrogen atoms, and 3 double bonds; it is a six 
nicmbered ring. Using Mumford and Phillips' values as given in the 
table, we find: 

P = (6 X 9.2) + (6 X 15.4) + (3 X 19) + 0.8 = 205.4 

The value computed from the experimental observations is 206.0. 

If the molecules of a liquid or solid are subjected to extremely high 
pressures or very low temperatures, the effect of thermal repulsive forces 
on the molecular volume is reduced to a considerable extent. Biltz^** and 
his co-workers have discussed the relationships between the nullpimkts- 
volume, calculated empirically by extrapolation of the temperature- 
density curves to absolute zero, and the constitution of organic com- 

Biltz and co-workers, Z. physih. Chem.^ A161, 13 (1930), and other papers in this 
series. 
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pounds in the liquid and solid states. The analysis of the data has led to 
constitutive and additive numerical constants which gave reasonably 
satisfactory values when compared to those observed. Table XI lists a 
number of compounds for which the nullpunktsvolumes have been de- 
termined; experimentally determined and empirically calculated values 
for this quantity are given. Included in the table are the corresponding 
parachor values. 

TABLE XI 


Parachor and Nullpunktsvolume Values of Some Typical 
Organic Compounds 


Compound 

N ullpunktsvolume 

P (using M. and P.’s Factors; 
cf. Table X) 

Calc. 

Obs. 

A 

Calc. 

Obs. 

A 

Methvl alcohol 

30.2 

30.5 

+0.3 

85.4 

88.3 

+2.9 

Ethyl alcohol 

45.2 

44.7 

-0.5 

125.4 

126.8 

+ 1.4 

Ethane 

41.6 

40.0 

-1.6 

110.8 

110.5 

-0.3 

Formic acid 

29.5 

29.1 

-0.4 




Acetic acid 

44.5 

44.7 

+0.2 

130.6 

131.2 

+0.6 

Acetone 

55.9 

55.2 

-0.7 

159.0 

161.5 

+2.6 

Acetaldehyde 

40.9 

38.3 

-2.6 











Ethyl ether 

75.2 

75.8 

+0.6 

211.3 

211.7 

+0.4 

Stearic acid 




770.6 

778.0 

+7 4 

Cyclohexanol 




255.4 

254.9 

-0.6 

Benzene 

67.2 

69 3 

+2.1 

205.4 

206.0 

+0.6 

Naphthalene 

100 4 

102.5 

+2.1 










Anthracene 

133.6 

135.8 

+2.2 




Toluene 

82.2 

83.6 

+ 1.4 

245.4 

246.2 

+0.8 

Xylene 

97.2 

98.2 

+1.0 

285.4 

283.8 

-1.6 

Mesitylene 

112.2 

111.2 

-1.0 

321.8 

320.8 

-1.0 

Ethylbenzene 

97 2 

97 7 

. +0.5 




Propylbenzene 

112 2 

116 2 

+4.0 




Benzaldehyde 

81.5 

82.4 

+0.9 

253. G 

255.1 

+ 1.6 

Methyl salicylate .... 




321.8 

323.7 

+ 1.9 


In Table XI it will be noticed that calculated nullpunktsvolume 
values for aliphatic compounds are for the most part greater than the 
observed values; for aromatic compounds the calculated values are 
uniformly lower than the observed. Additional constitutive factors 
which take account of ring formation, steric effects, etc., must be intro- 
duced in the calculations if better agreement between observed and 
computed values is to be realized. Ruzicka^^ states that ring compounds 
Ruzicka and co-workers, Helv. Chim, Acta, 16, 487 (1933). 
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with eight or more carbon atoms have parachor and compressibility 
values which indicate that the compounds are aliphatic in character. 

The influence of the crystal form of solid substances on their null- 
punktsvolumes is illustrated in Fig. 6, which graphically presents the 
nullpunktsvolumes of members of two homologous series. It is seen that 
the alternating effect of the even and odd numbers of the series which is 
characteristic of melting points is also found in the volume values of solid 
compounds. The molecular volumes and parachors of corresponding 
liquid substances do not show this alternating effect. 




Dicarboxylic acids Fia. 6* n-Paraffin hydrocarbons 

(A® — difference in nullpunktsvolume; M « difference in melting point.) 

Viscosity. The viscosity of a liquid is a measure of the resistance 
set up by intermolecular attractive forces to the passage of one molecule 
past another. Viscosity data are therefore subject to the same difficulties 
of analysis as those of other properties which depend upon the mutual 
attraction of like molecules. Viscosities are strongly dep)endent upon 
temperature, and measurements designed to separate the additive and 
constitutive components of this property must be carried out under 
conditions which are equivalent for all compounds. 

Some measure of success has been obtained in efforts to prepare series 
of numerical constants from which molecular viscosities can be calculat- 
ed. Dunstan and Thole have developed the formula logr? = aM + 6, 
where rj Ls the viscosity, M the molecular weight, a a general constant, 

* Taken from Biltz, Fischer, and Wiinnenberg, Z. phyaik. Chem., A181, (1930). (Cour- 
tesy of publishers.) 

Dunstan and Thole, J. Inst. Petroleum Tech., 4 , 191 (1918). 
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and b a constant characteristic of an homologous series. By the use of 
this formula, logarithmic increments for various atomic groups have been 
calculated. 

TABLE XII 

Increment Factors for Viscosity Prediction (Dunstan and Thole) 

CH 2 0.107 Alcoholic 0 2.12 

Aliphatic H 0.934 Double bond 1.847 

Aliphatic O 0 . 098 n-Carbon —1.761 

/so-Carbon —0.030 

Fluidity, which is the reciprocal of the viscosity, has been shown 
to be a function of the vapor pressure. At high vapor pressures the re- 
lationship is nearly linear, and from data taken in the range where this 
linearity holds it has been possible to calculate increment factors for 
fluidity. 

TABLE XIII 


Increment Factors for Prediction of Fluidity (Bingham) 



Fluidity 


Fluidity 

Carbon 

-95 

Hydrogen 

59 

Oxygen 

24 

/so-linkage 

-76 

Double bond 

114 

Sulfur 

76 

Chlorine 

109 




Prasad^® has observed regularities in the temperature-viscosity 
relationships of members of homologous series. He finds indications 
that the odd and even members of the series fall into separate groups. 

Staudinger, in his studies on the viscosities of solutions of high- 
molecular-weight compounds, has introduced the term specific 
viscosity, r^gp., which is defined as the increase in viscosity which is 
produced in a solvent by dissolving a unit amount of a substance in a 
unit volume of the solvent. He has made use of the expression rjap./ 
C = KLy w^here C is the concentration of a primary molal solution (1.4 
per cent = CH 2 /IOOO), K a constant, and L the length of the carbon 
chain in Angstrom units of the material being investigated. For simple, 
normal organic compounds such as paraffins, fatty acids, etc., the specific 
viscosity of a primary molal solution may be expressed as r^sp. (1.4 
per cent) - ny + x, where n is the number of carbon atoms in the chain, 
y the viscosity of a single carbon atom, and x that of oxygen. For 
many compounds y is approximately constant. The plot of ) 7 sp./C against 

Bingham and Spooner, J. RheoL, 3, 221 (1932). 

Prasad, J. Indian Chem. Soc., 10, 143 (1933). 

Staudinger, “ Die hochmolekularen organischen Verbindungen,’* Springer, Berlin 
(1932). 
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the number of carbon atoms for several homologous series shows that 
the slopes of the lines are approximately the same; the intercepts on the 
r/sp./C axis therefore give the values of x for each series. Some of 
Staudinger^s results are shown in Fig. 7. 

Staudinger has extended his concept of additive group viscosity 
values to considerations of the viscosities of high-molecular-weight 
polymers such as cellulose and its derivatives (p. 1585). From his data 
he has calculated the molecular weights of such compounds and has 



Fig. 7.* — Viscosity changes in homologous series. 

I = n-fatty acids in pyridine; II = n-fatty acids; III — n-fatty acid esters (ethyl); 

/F = /j-paraffins; V = n-alcohols. 

computed the numbers of structural units in the polymeric chains. 
Some of his results do not agree with values obtained by other methods 
of measurement. 

Refractive Index and Molecular Refraction. The effect of molecular 
structure upon refractive index has been extensively studied/^ and the 

* From Staudinger, loc. cU,, p. 63. (Courtesy of publisher.) 

(a) Cohen, “Organic Chemistry for Advanced Students. ’’ Edward Arnold and Co., 
London (1928), Vol. II, pp. 19-45. (6) Henrich, Johnson, and Hahn, “Theories of Organ- 

ic Chemistry,” John Wiley and Sons, New York (1922), pp. 288-317. 
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data have been analyzed more successfully than those for most physical 
properties. The accuracy with which the refractive index of a substance 
can be measured and the ability to make observations at various wave 
lengths have provided sufficiently reliable data to permit the calculation 
of reasonably consistent additive and constitutive factors for the 
various positions and types of atomic linkages. 

The refractive index, n, of a substance is the ratio of the velocity of 
light in vacuum to the velocity of light in that substance. It is a measure 
of the interaction of the electrostatic and electromagnetic fields set up 
by the atoms in the material with the electromagnetic and electrostatic 
components of the traversing light waves and is dependent upon the 
intermolecular attractive forces which determine molecular volume and 
internal pressure. The refractive index is independent of temperature 
except for thermal expansion effects. 

A useful function called the specific refractivity, r, has been developed 
to take account of the dependence of the refractive index upon specific 
volume. The specific refractivity or specific refraction, r, has been 
71 — 1 

defined as r = — - — , where d is the density. Lorenz and Lorentz^^ 
d 


have proposed the formula, r 


— 1 1 


■ , — as being more nearly inde- 
+ 2 d 


pendent of pressure and temperature, and their expression is the more 
commonly used of the two. The molecular refraction, Af, is determined 
by multiplying the specific refraction by the molecular weight. 

The refractive index varies with the wave length of light, and it is 
therefore necessary to designate the wave length at which the measure- 
ment is made. This is customarily done by using a subscript; thus 
indicates the refractive index as observed with the hydrogen a line, Mjy 
the molecular refraction as measured with the sodium D line and i 
the molecular refraction at X 546.1 m^u (the mercury green line). The 
difference between molecular refractions measured at two wave lengths 
is called the molecular dispersion, and is designated as the 

difference between the specific refractions measured at several wave 
lengths has been designated by Auwers*’^ or Auwers 

and Eisenlohr*'"^ usually express the specific refractive dispersion (S) 
as 100 times the observed value in order to yield a factor of convenient 
size. Hiickel^^ has suggested that the molecular dispersion rather 


(a) Lorentz, Wied. Ann., 9, 641 (1880). {h) Lorenz, ibid., 11, 70 (1880). 

Auwers and Eisenlohr, Bcr., 43, 806 (1910), and subsequent articles in this journal, 
Ann., and J. prakt. Chem. 

** Eisenlohr, “ Spektrocheinie organischer Verbindungen,” Enke, Stuttgart (1912). 

M Hhckel, Z. physik. Chem., A163, 67 (1932). 
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than the specific dispersion should be used in comparison of refractive 
properties. 

The mathematical analysis of accurate data has led to the assignment 
of refraction values for the atomic components which constitute most 
organic compounds. The addition of these values frequently leads to 
molecular refractions in agreement with the observed. In Table XIV are 
given some of the atomic factors suggested by Auwers and Eisenlohr. 

TABLE XIV 

Atomic Factors for Calculating Molecular Refractions 


Group 

H„ 

D 


iiy 

By— Ha 

— CH2— 

4.598 

4.618 

4.668 

4.710 

0.113 

c 

2.413 

2.418 

2.438 

2.466 

0.056 

H 

1.092 

1.100 

1.115 

1 . 122 

0.029 

0 (carbonyl) 

2.189 

2.211 

2.247 

2 . 267 

0.078 

0 (ether) 

1.639 

1.643 

1.649 

1.662 

0.019 

0 (hydroxyl) 

1.522 

1.525 

1.531 

1.541 

0.015 

Cl 

5.933 

5.967 

6.043 

6.101 

0.168 

Br 

8.803 

8.8()5 

8.999 

9.152 

0.340 

I 

13.757 

13 900 

14.224 

14.521 

0.775 

N (pn.-amine) 

2.309 

2.322 

2.368 

2.397 

0.086 

N (sec. -amine) 

2 475 

2.499 

2.561 

2 603 

0.119 

N {tert. -amine) 

2.807 

2.840 

2.940 

3 000 ; 

0.186 

S (mercaptiin) 

CN 

7.63 

5.434 

7.69 

5.459 

7.83 

7.98 

0.35 

C=C (double l>ond) 

1.686 

1.733 

1.824 

1.893 

0.200 

C^C (triple bond) 

2.328 

2.398 

2.506 

2.538 

0.171 


The headings in columns 2, 3, 4, 5, and 6 of Table XIV indicate the wave 
lengths of light used in the measurements. 

Ruzicka et have suggested that ring increment values, 

based on a six-membered ring as unity, should be applied in calculating 
refractions as follows: five-membered ring, +0.04; six-membered ring, 
0.00; seven-membered ring, —0.10; eight-membered ring, —0.47; 
15-membered ring, —0.62; etc. 

When the refractions of some compounds are computed from the 
various atomic factors, it is found that there are differences between 
these values and those observed experimentally. The exaltations or 

Auwers, ibid., A164, 44 (1933). 

w Straus and KUhnel, Rer., 66. 154 (1932); Auwers, Ber., 66, 146 (1932). 

Ruzicka, Helv, Chim. Acta, 14, 1319 (1931). 

Bruylants and Merkx, Bull. soc. chim. Belg., 43, 248 (1934). 
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depressions of the observed from the calculated refraction values have 
been studied for a number of compounds, and postulates have been 
made as to the causes of the variations. From the results of such study 
it has been possible to assign definite structures to certain molecules. 
The exaltation of the molecular refraction is usually indicated as EM 
(for the a hydrogen line or, for a given line jS, 7 . . . etc. : EM^y EMy . . . 
etc.). The exaltation of the molecular or specific dispersion is indicated 
in a similar manner, i.e., E(My — M„) or EMy_^ and E{'I,y — 2^) or 
EXy_^, Auwers has found it preferable to express these latter values 
in a percentage form, since the results are then independent of the 
particular function of refractive index used. 

From the analysis of exaltation data, certain generalizations have 
been reached concerning the effect of unsaturation (p. 543) on molecular 
refraction. One double bond in a compound produces no exaltation 
beyond that involved in the double bond increment used in the calcula- 
tion of the theoretical molecular refraction. The presence of more than 
one double bond in a molecule similarly produces no exaltation provided 
the double bonds are not conjugated. The presence of conjugation in 
the molecule produces distinct exaltation, the amount being influenced 
by the length of the conjugated system, the presence of substituents, and 
the branching of the conjugated chain. Examples of these effects are 
presented in Table XV. 

From this table it is seen that the exaltation increases as the length of 
the conjugated chain becomes greater provided the chain is unsubsti- 
tuted. For a given chain the exaltation decreases progressively as the 
carbon atoms are progressively substituted with R groups. Exaltation 
is greatest for a linear conjugated system and decreases as the system 
becomes more and more branched. 

In a study of the exaltation of methylbutadiene derivatives^® it 
was observed that the shifting of the methyl substituents to the center of 
the conjugated system resulted in a marked lowering of the exaltation. 

There are certain exceptions to the general exaltation of conjugated 
linkages; for example, the exaltations of benzene, furan, thiophene, 
pyrrole, and cyclopentadiene are nearly zero. The identity of the cal- 
culated and observed molecular dispersion values for these compounds is 
explained as being due to the existence of two opposing factors which 
nearly balance, that of conjugation producing a positive exaltation and 
that of ring strain (p. 4) or ring closure producing a negative exalta- 
tion. Although benzene, cyclopentadiene, and similar monocyclic com- 
pounds show practically no exaltation, the polycyclic compounds derived 


Farmer and Warren, J, Chem. Soc., 3221 (1931). 
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TABLE XV 

Influence of Conjugation on Refraction 


(a) Length of Conjugation 

EXy-a 

EX 

(Per Cent) 

— CH==CH— 

0.33 

0 

— CH==CH— CH=CH— 

1.90 

50 


4.20 

160 


(6) Substitutions on Conjugated Chain 
~-CH=CH— CH=CH— ' 

R 

---<:h==<:h-<1:===C)h— 

R R 

=CH. 

(arom.)>C--CH=CH— 

— CH^ 

=CH. 

(arom.) ^C — C==CH — 

— CH^ I 

R 

=CH. 

(arom . ) ^C — C=C — 

— CH-^ I I 


— CH=CH— CH=CH— c/ 

^OR 


— CH=C— CH=C— CC 

L k 


(c) Branching of Conjugated Chains 
~CH===CH--CH===CH--UH===^ 
—CR=C—C—C^B— 

k H k 


/yO 

— CH=CH— CH=CH— Cf 

Njr 

— CH=CH— CH— Cf 

I X)R 
=CH 


0.5 


25 
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by their combination show a decided ; this fact has been interpreted 
as an indication that only one ring in such compounds is truly aromatic 
(p. 52), the other rings producing the exaltation characteristic of normal 
unsaturated conjugation. 

TABLE XVI 


Ex 


y^a 


EXy^a = 


EXy^a - 


Relation Between Cyclic Structure and Refraction 


A 

A 

Benzene 
-f 6 per cent 


-f 


\/ 

Cyclopentadiene 
—0.6 per cent 


I I 

vv 

Indene 
+36 per cent 


A, 

I 

V 

Benzene 
+6 per cent 


+ 



Cyclohexene 
0.0 per cent 


AA 
= I 
W 

Tetrahydronaphthalene 
+ 16 per cent 


A 

I 

V 

Benzene 
+6 per cent 


AA 

I 

W 



Naphthalene Phenanthrene 
+60 per cent +90 per cent 


vAA 


Anthracene 
+170 per cent 


THERMODYNAMIC PROPERTIES OF ORGANIC COMPOUNDS 

It has been mentioned earlier that the great value of the proper use 
of thermodynamic data lies in their prediction of the course and extent 
of chemical reactions. Recently, systematic investigations have been 
made of the thermodynamic properties of organic compounds with the 
result that certain regularities have been observed. Although the avail- 
able data are still relatively meager for use in calculating equilibrium 
constants for a large number of organic reactions, the infallibility of the 
thermodynamic method warrants appreciation of its potentialities 
(p. 852). 

The thermodynamic method is empirical in the sense that it is based 
upon certain arbitrary definitions and upon the experimentally proved 
infallibility of the so-called first, second, and third laws. By the mathe- 
matical analysis of the defined functions, this analysis being restricted 
by the necessity of observing the three thermodynamic laws, certain 
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relationships between experimentally determinable quantities are 
derived. It must be emphasized that the various thermodynamic proper- 
ties such as free energy, heat content, and entropy are no more than 
mathematical functions which can be calculated from measurable 
quantities such as heats of reaction, equilibrium constants, and specific 
heats. The attempts of many chemists to define heat content, free 
energy, and entropy in a descriptive manner have often led to the mis- 
taken impression that these quantities are associated with restricted 
physical processes. The thermodynamic functions can sometimes be 
very loosely interpreted in terms of physical processes, but their defini- 
tions are actually independent of such processes. 

The chemist is usually interested in three thermodynamic functions: 
the heat content, or its change during reaction. A//; the free energy, 
F, or the change in free energy, AF; the entropy, or its change, A*S\ 
The change in heat content. A//, for a reaction is equal to the heat of 
the reaction measured at constant pressure; the heat content, //, for a 
substance at temperature T is equal to the heat capacity, Cp, of the 
substance measured at constant pressure and integrated from absolute 
zero to T. The entropy, S, of a compound is equal to the quotient 
Cp/Ty integrated from absolute zero to T\ A>S is the change in S 
attending a reaction. The change in free energy, AF, is defined by the 
equation AF = A// — TAS; F is similarly defined by F = // — TS. 
The free energy change, AF, for a chemical reaction is a measure of the 
driving force of the reaction in the sense that its sign determines the 
direction of the reaction and its magnitude determines the equilibrium 
state; the usual equation expressing the relationship between AF and 
the extent of a reaction is — AF = RT In K, where R is tlie gas constant, 
T the absolute temperature, and K the equilibriuih constant. For the 
chemist, the values of F and AF are the most important of the three 
functions. 

Parks and Huffman have discussed in detail the thermodynamic 
prop)erties of organic compounds. From measurements of the heat 
capacities of certain organic compounds and of their elements over a 
wide range of temperatures, entropies and heat contents have been 
calculated. These values, in conjunction with measured heats of 
reaction, have allowed the calculation of the free energies of formation 
of the compounds from their elements. 

Parks and Huffman found that the entropies of the members of 
certain homologous series, e.g., the n-hydrocarbons, increase progres- 

(a) Parks and Huffman “Free Energies of Some Organic Compounds,” Am. Chem. 
Soc. Monograph Series, No. 60, Chemical Catalog Co., New York (1932). (6) Rossini, 

J. Research NaX. Bur. Standards, 13 , 21, 189 (1934). 
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sively as the series is ascended (Fig. 8). The free energies of formation, 
AF, do not form a regular series, although variations are in the same 
direction and of the same order of magnitude. When alkyl groups are 
substituted for hydrogen in a n-hydrocarbon, the entropy of the 
branched-chain compound is less than that of the normal compound 
having the same number of carbon atoms. The formula <8298 = 25.0 + 
7.7n — 4.5r, where S 29 H is the entropy at 25° C., n is the number of 
carbon atoms in the compound, and r is the number of branched chains 
(alkyl) in the molecule, fits the data for a number of isomeric pentanes, 



heptanes, and octanes satisfactorily. The heats of formation and free 
energies of formation at 25° C. vary in like manner with the introduc- 
tion of side chains into the n-hydrocarbons; AH298 is lower for the 
branched chain compounds while AF298 is higher. The heats of forma- 
tion and free energies of formation of unsaturated hydrocarbons are 
greater than those of the corresponding saturated compounds; the 
differences decrease as the unsaturation becomes buried in the molecule. 

Three general equations have been given for the entropies of n-hydro- 
carbons in the liquid, gaseous, and solid states at 25° C. 

^298 (liquid) = 25.0 + 7.7n 
>8298 (gas) = 34.0 + lO.On 
>8298 (solid) = 18.0 + 5.8n 
♦ From Parks and Huffman, loc. cU, (Courtesy of publishers.) 
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In these equations, n is the number of carbon atoms in the molecule. 
Parks and Huffman® ^ have considered organic compounds as derivatives 
of the hydrocarbons, and have prepared a list of substitution factors 
which, when added to the entropy values for the parent hydrocarbons, 
give corresponding entropies for the compounds. Their substitution 
factors are given in Table XVII. 

TABLE XVII 

Molal Entropy and Free Energy Factors 


Structural Modifications 

Change 

in Molal Entropy 

Change 
in AF 298 

Solid 

Liquid 

Gas 

Addition of CH 2 in chain 

5.8 

7.7 

10 

1,080 

Substitution of CHj for H (chain) 

5.0 

3.2 

5.0 

1,900 

C 2 H 5 for H (chain) 


10.9 


3,000 

CHa for H (ring) 

5.8 

7.7 



C 2 H 6 for II (ring) 

11.6 

15.4 


1,100 

CoIL for H 

17.0 

19.5 


36,000 

Cyclohexyl for H 


26.5 


13,000 

Conversion C — C to C=C 

-2.7 

-2.7 

-2.7 

20,000 

Sub. OH for H (primary alcohol) 

0 

-1.5 

13.0 

-34,000 

(secondary alcohol) 

0.5 

-4.0 

9.0 

-37,000 

(txTtiary alcohol) 

0.5 

-6.0 

7.0 

-41,000 

(phenol) 

0 

0 


-41,000 

Sub. of — 0 — to form ether 


5.0 i 

8.0 

-20,000 

Sub. of =0 for 2H (aldehyde) 

1.0 

5.0 1 


-23,000 

==0 for 2H (ketone) 

1.0 

0.5 

6.0 

-30,000 

CO 2 H for H (acid) 

5.8 

7.7 


-83,2(K) 

NH 2 (amine) 

0.0 

0.0 


6,000 

NO 2 (nitro compd.) .... 

7.0 

8.0 ; 


7,000 

Cl 

6.0 

7.0 

9.0 

-1,600 

Br 

7.5 

9.0 

11.5 

4,500 

I 

9.0 

11.0 

14.0 j 

10,000 


In this table substitution factors have teen given for the solid, 
liquid, and gaseous states. In comparing thermodynamic data to de- 
termine the effect of additive and constitutive factors, more consistent 
results are to be expected when the data apply to the gaseous state; 
this is due to the fact that intermolecular forces are almost completely 
absent in the gas. 

Parke and Huffman, “ Free Energies of Some Organic Compounds,” Am. Chem. Soc. 
Monograph Series, No. 60, dheniical Catalog Co., New York (1932), p. 210. 



1746 


ORGANIC CHEMISTRY 


The influence of steric effects on the heats of combustion of saturated 
and unsaturated hydrocarbons has been studied by Alder and Stein. 
The values given by Grimm and Wolf®^ as shown in Table XVIII for 
atomic and group factors to be used in the calculation of heats of forma- 
tion for non-polar bonds have been used by Alder and Stein in their com- 
putations. 

TABLE XVIII 


Separation Energy (Heat of Formation) for Non-polar Bindings 
(in Kilogram-calories) 


Binding 

Aliphatic 

Aromatic 

Binding 

Aliphatic 

Aromatic 

C— H 

92 

101 

C—N 

70 

85 

C — Cl 

73 

96 

C=N 

212 


C— Br 

59 


c— c 

71 

96 

C— I 

44 

45 

c=c 

125 

. , 

C—O— 

92 

109 

c^c 

166 


c=o 

188 

C(arom.) — C(aliph.) 

80 


Kharasch®'* has compiled and evaluated the available combustion 
data on organic compounds and has developed a method of calculating 
the heats of combustion of liquid substances. His formula isQ — 26.05 n 
+ C, where Q is the heat of combustion, 26.05 the net amount of 
energy change per mol electron, n the number of valence electrons, and C 
a constant characteristic of the electron linkage. The values of the 
constant C for some linkages are given in Table XIX. 

TABLE XIX 


Values of the Constant C for Calculating Heats of Combustion 


Coupling 

C 

Coupling 

C 

Aromatic to aliphatic 

....-3.5 

Aromatic to aromatic 

... -6.6 

Double bond 


Triple Bond, one H 

...+46.1 

Aliphatic, ds 

. ... 16.6 

noH 

... 33.1 

Aliphatic, trans 

.... 13.0 

Primary alcohol 

... 13.0 

Aromatic to aliphatic. . . . 

....-6.5 

Secondary alcohol 

... 6.6 

In ring 

....+6.6 

Tertiary alcohol 

... 3.6 

Aldehyde (ECHO) 

. ... 13.0 

Phenol 

... 3.6 

Ketone (RCOR) 

.... 6.6 

Ester (RCO 2 R) 

... 16.6 


Alder and Stein, Ber., 67, 613 (1934). 

Grimm and Wolf, Handbuch der Physik, 24 , 536 (1927). 
Kharasch, Bur. Standards J. Research, 2 , 369 (1929). 
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Kistiakowsky, Vaughan, etal,^^ have commenced a series of very 
accurate studies of the heats of hydrogenation of unsaturated hydro- 
carbons. They have found that with an increasing number of substituent 
alkyl groups the heat of hydrogenation of the ethylenic linkage is lowered 
in a progressive manner. Monosubstitution produces a decrease of 2.7 
Cal. per mol; disubstitution (cis) 4.2 to {Ivans) 5.2; trisubstitution 5.9; 
and tetrasubstitution 6.2. The effect of substitution is independent of 
the chain length of the normal alkyl radical substituted, but branched 
chains appear to have some influence. The authors have made the very 
interesting observation that the first step in the hydrogenation of ben- 
zene is endothermic while the second and third steps are exothennic. 
This explains why it is not possible to hydrogenate benzene to the di- 
hydro- or tetrahydroderivatives; the reaction proceeds past the first 
stage to the hexahydro compound. 

Kistiakowsky and co-workers have found that the effect of conjuga- 
tion in unsaturated hydrocarbons is to stabilize the double bond, the 
hydrogenations of 1,3-butadiene and 1,3-cyclohexadiene being less 
exothermic than the hydrogenation of ethylene. 

Recent developments in experimental and theoretical studies of 
Raman spectra and band spectra have enabled calculations of free ener- 
gies, entropies, and heat contents to be made from spectroscopic data. 
From such data, specific heats of elements and compounds can be com- 
puted, and from these, entropies and the other thermodynamic quanti- 
ties. The results have been very satisfactory for simple substances, but 
difficulty is encountered when attempts are made to calculate the thermo- 
dynamic functions for polyatomic molecules. With the continually in- 
creasing study of these problems it is becoming possible to extend the 
limit of such calculations to molecules of greater and greater complexity. 

PROPERTIES WHOSE ANALYSES LEAD DIRECTLY TO 
STRUCTURE DETERMINATION 

Dipole Moment 

The positions of the electrons in a molecule are determined by the 
relative electron affinities of the atoms which constitute it. If the mole- 
cule has an axis or plane of structural symmetry, the electrons will sim- 
^^^ilarly be symmetrical about the axis or plane. Thus, in ethane or 
*^ethylene it is possible to divide the molecule into two halves, each of 
which is identical structurally and electronically (pp. 1608, 1864) with 
the other; similarly, cyclopropane has an axis of symmetry about which 
the three carbon atoms occupy identical relative positions. The 

Kistiakowsky, Vaughan, el oZ., J. Am. Chem, jSoc., 58, 146 (1936). 
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distribution of electrical charges in molecules such as ethane is symmetri- 
cal, with the result that the molecules as a whole are electrically balanced. 

Most molecules have no plane or axis of structural symmetry, and it 
is generally true that the electrons in such molecules are likewise un- 
symmetrically placed. Owing to this lack of symmetry, there is usually 
a position in the molecule at which the density of electrons is greater 
than at other positions; this point of high electron concentration will be 
negatively charged with respect to the rest of the molecule which is 
relatively positive. If the total negative charge, be considered local- 
ized at its center of gravity, a, and the corresponding positive charge, +e, 
be considered localized at point 6, the electric moment of the molecule, 
jjLf is defined as c X d, where d is the distance from a to b. 

The magnitude of the dipole moment, m, is a measure of the electrical 
asymmetry of the molecule, and the study of such moments of organic 
compounds therefore affords a method of learning certain facts about 
molecular structure. In general, compounds with zero moment are 
S3mimetrical while substances which possess definite moments are polar, 
the greater the moment the larger the degree of polarity. 

The study of the dipole moments of organic compounds has been 
extensively undertaken in recent years. A variety of methods has 
been used for determining numerical values, but that most widely 
used depends upon measurements of dielectric constants. The equa- 
tion generally used for liquid substances is 

- l ~\M 

d + 2 p ~ X* J [n^ + 2J p 9AT 

where d is the dielectric constant, M the molecular weight, p the density, 
n the refractive index, X the wave length of measurement of n, X^ the 
wave length of the absorption band nearest X in the ultra-violet, N and 
K are Avogadro's and Boltzmann^s constants, T the absolute tempera- 
ture, and fjL the electric moment. The values of p, for many substances 
are determined by making measurements in dilute solutions of electric- 
ally non-polar and inert solvents; this procedure is used in order to 
eliminate intermolecular effects. If experimentally feasible, dielectric 
constants are determined in the gaseous state because they are more 
reliable for interpretive purposes. 

(a) Smyth, “ Dielectric Constants and Molecular Structure,'’ Am. Chem. Soc. Mono- 
graph Series, No. 55, Chemical Catalog Co., New York (1931). (5) Debye, “Polar 

Molecules,” Chemical Catalog Co., New York (1929). (c) Estermann, Ergeb. exakt, 

Naturw., 8, 258 (1929). (d) Sack, ibid., 8, 307 (1929). (e) Glasstone, “ Recent Advances 

in Physical Chemistry,” 2nd. ed., Blakiston’s Son and Co., Philadelphia (1933). 

Estermann and W^ohlwill, Z. physik, Chem., B20, 195 (1933). 

van Arkel, Rec. trav. chim., 62, 719, 733 (1933). 
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The relationship between boiling points and dipole moments has 
been used to calculate the latter. Van Arkel^® has shown that for 
symmetrical molecules of nearly spherical shape the Debye formula for 
calculating moments from boiling points is applicable provided there is 
no association. The boiling points of non-polar compounds can be 
computed from the atomic volumes of the constituent atoms. For 
example, for non-polar carbon-halogen molecules the equation used is 


T. = 


V 


Ka 


In the equation Ts is the boiling point in absolute temperature, V and 
Vr the atomic volumes of the halogen and carbon, respectively, and Ka 
a constant involving the a of van der Waals^ equation. The square 
root of a exhibits additive characteristics and can be calculated from 
atomic values. Table XX shows comparisons of calculated and 
observed boiling points of some halogenated compounds. 


TABLE XX 

Boiling Points Calculated from Atomic Volumes 

rci-22.8 TV>r = 29.1 = 39.6 Vc = H 


Compound 

V 

T, (calc.) 

7 8 (observed) 

CBr4 

127.4 

465° 

462° 

CClBrs 

121.1 

428 

433 

CCLBr^ 

114.8 

406 

408 

CClsBr j 

108.5 j 

375 

377 

CCL i 

102.2 

349 

349 

CClsF 

90.4 

298 

298 

CCI 2 F 2 

78.6 

249 ^ 

248 

CBrjF 

109.3 

380 

380 

CBr 2 F 2 

91.2 

300 

298 

CF 4 

55 

150 

143 

ecu 

119 

419 

415 

CClBr=CClBr 

126.8 

446 

445 

CCl 2 =CCl 2 

114.2 

392 

394 


The data of Table XX establish the general reliability of the method 
of calculation for relatively non-polar compounds. For polar compounds, 
however, there are appreciable differences between the observed and 

van Arkel, ibid., 61 , 1081 (1932); 62 , 719, 733 (1933); 63 , 91, 246 (1934). 

^0 London, Z. Phyaik, 68, 245 (1930). 
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calculated values. For example, the introduction of bromine into benzene 
to form bromobenzene gives a calculated value some 14® lower than that 
observed. The discrepancy is due to the polarity of the bromobenzene, 
and the study of such differences has established relationships between 
boiling points and dipole moments which permit the calculation of one 
quantity from the other. Van Arkel has studied these relationships in a 
large number of aromatic and aliphatic compounds, including 60 sets of 
isomeric benzene derivatives, and has succeeded in calculating dipole 
moments from boiling points with satisfactory accuracy. Examples of 
the agreement between observed and calculated moments are found in 
Table XXL 


TABLE XXI 


Dipole Moments Calculated from Boiling Points 


Compound 

Moment Observed 

Moment Calculated 

B. P. 

o-Dichlorobenzene 

2.24 X 10-^« 

2.72 X 10-^8 

00 

o 

w-Dichlorobenzeiie 

1.42 

1.57 

172 

p-Dichlorobcnzone 

0 

0 

171-4 

o-Nitro toluene 

3.70 

3.74 

218 

m-Nitro toluene 

4.20 

4.15 

230 

p-Nitrotoluene 

4.40 

4.38 

238 


Berger has shown the existence of a close relationship between 
dipole moments and association of liquids and has been able to predict 
to some extent the nature of the associated molecules from their mo- 
ments. The variations with temperature of the dielectric constants and 
specific refractivities of substances with low dipole moments are attrib- 
uted to association effects. ^ 

The use of dipole moments in solving problems of molecular structure 
and also in serving as an empirical tool for purposes of identification has 
proved exceedingly valuable. It has been found that certain polar groups 
have characteristic moments which can be considered, as a first ap- 
proximation, to act independently in determining moments of entire 
molecules. When more than one polar group is present in a molecule, 
the resultant molecular moment can be calculated in a direct manner by 
the Vectorial addition of the several individual group moments. In this 
respect, dipole moments exhibit well-defined additive and constitutive 
components. 

Dipole moments are vector quantities in the sense that the direction 
of a moment in space is determined by the line which separates the 

Berger, Z. physik. Chem., B22, 283 (1933). 

Sakurada, ibid., B24, 437 (1934^- 
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centers of gravity of the positive and negative charges. When a single 
polar group is present in a molecule, the direction of the dipole is unim- 
portant for considerations of molecular structure. When several dipoles 
are present, the directions and magnitudes of each determine the result- 
ant molecular moment. For example, the introduction of Cl into CH 4 to 
give CH 3 CI produces an electric moment; the introduction of additional 
chlorine atoms causes a decrease in the moment until a zero moment is 
reached in CCI 4 . In carbon tetrachloride the four identical moments 
due to the halogen atoms cancel each other by virtue of their vectorial 
nature. 

A recent very complete compilation of the dipole moments of organ- 
ic compounds illustrates many relationships which have been pointed 
out by various investigators. 

In a series of homologous compounds which have a single polar group, 
e.g., the n-alcohols and r?-acids, the moments of the members of the 
series are approximately constant. Thus, the moments for the first 10 
normal alcohols are 1.68, 1.69, 1.65, 1.67, 1.63, 1.64, 1.7, 1.67, 1.60, and 
1.61. From these values the average moment of the alcoholic C — OH 
dipole is found to be 1.67. In the fatty acid series, the first member, 
formic acid, has a greater moment than the higher members but the 
latter have approximately constant values. The moments of acetic, 
propionic, and stearic acids have been found to be identical within the 
experimental error of measurement."^ In Table XXII are given the 
moments of some typical organic series which contain single polar 
groups; included also are moment values for a few benzene derivatives. 


TABLE XXII 

Moments of Organic Compounds 


Compound 

Moment 

Compound 

Moment 

?i-Hydrocarlx)ns 

0.0 X io-i« 

Mercaptans 

1.3 X 10 - 1 * 

n-Aln^ihols 

1.67 

Sulfides 

1.5 

I'Ahers 

1.2 

Cyanides 

t 3.4 

Alkyl chlorides 

2.0 

NitroparaflBns 

i 3.1 

Esters 

1.8 

Nitrites 

1 2.2 

Primary amines 

1.3 

Nitrates 

2.9 

Secondary amines 

1.0 

Benzene 

0.0 

Tiirtiary amines 

0.76 

Phenol 

1.70 

Ketones 

2.7 

Anisole 

1.20 

Formic acid 

1.2 

Bromobenzene 

1.50 

n- Acids 

0.8 




Trans. Faraday Sac.. 30 . 904 (1934). 

Wilson and Wenzke, J. Chem. Phys., 2 , 540 (1934). 
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In this table it is seen that the phenols and aromatic ethers show the 
same moments as the corresponding aliphatic compounds. 

The branching of the hydrocarbon chain has a pronounced effect 
on the moments of aliphatic compounds which have one polar group. In 
general the moment of the molecule increases as the carbon atom attached 
to the polar group becomes progressively substituted. Substitution 
in the chain on a carbon not directly attached to the polar group has 
little effect on the moment. In Table XXIII are given data for some 
aliphatic bromides and alcohols. 


TABLE XXIII 

Moments of Aliphatic Bromides and Alcohols 


Compound 

Moment 

Compound 

Moment 

n-Butyl bromide 

1.88 X 10-^8 

n-Amyl alcohol 

1.63 X 10-18 

8€c. -Butyl bromide 

2.12 

sec.-Amyl alcohol-(2) . . . 

1.66 

/er/, -Butyl bromide' 

2.21 

sec. -Amyl alcohol- (3) . . . 

1.64 

Isobutyl bromide 

1.97 

tert.- Amyl alcohol 

Isoamyl alcohol 

1.83 

1.81 


Sutton ^ has suggested that the dipole moment of a polar compound 
as measured may be divided into three components. He expresses 
this by 

H = TTlprlmary ^induced ^electromerlc 

where the three m factors represent the primary (permanent) moment, 
the moment induced on the rest of the molecule, and the moment due 
to the electromerism or conjugation of rings. 

Sutton has calculated the moments induced by a polar group on the 
carbon atoms of aliphatic saturated and conjugated unsaturated chains. 
The results of these calculations are illustrated in Fig. 9 ; in this figure 
are shown the relative moments induced on the carbon atoms successive- 
ly removed from the polar group. 

The moments of molecules with more than one polar group are gov- 
erned by the degrees of polarity and the positions of these polar groups in 
the molecules. Groups with similar polar properties when placed near 
each other tend to increase the moment over that found when a single 
dipole is present. On the other hand when two groups of opposite polar 
character (such as NO2 and NH2) are situated close to each other in a 
molecule, the effect is to neutralize the moments. When such dissimilar 

Sutton, Proc. Roy, Soc. (London), A133, 668 (1931). ’ 
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groups are placed at opposite ends of a non-polar chain, the resultant 
moment increases with the distance of separation of the groups. Al- 
though the non-polar chain has very little influence on the resultant 
molecular moment, the center or non-polar nucleus does determine the 
direction of polar forces and must be considered in any attempt to cal- 




2 4 6 2 4 6 

Number of Carbon Atoms Number of Carbon Atoms 

Fig. 9 * 

Relative influence of increasing the Relative influence of increasing the 

number of carbon atoms on the length of a conjugated chain on the 

moment. moment. 

culate dipole moments resulting from the joint action of several polar 
groups. 

As a means of calculating dipole moments for complex molecules, 
bond and group moments have been assigned to various structural units. 
The resultant moments of such complex molecules are obtained by 
vector addition of the individual group moments. If two dipoles are 
located at opposite ends of a molecule, vector addition becomes simple 
algebraic addition; but if the groups are oriented at an angle other than 
180° to each other, it is necessary to calculate the resultant moment from 
the cosine law. This latter case is best illustrated in the benzene series, 
where groups are fixed in the ortho, meia, or para positions with respect 
to each other. Fig. 10 is a graphical representation of the addition of 
* From Sutton, loc. cU. (Courtesy of publishers.) 
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the vector dipoles mi and m 2 . The moments mo, Mm, and Mp are the 
resultant molecular moments when the groups of moment mi and m 2 , 
are in the ortho y metay and para positions, respectively. 

Group moments are vectorially added by use of the equation, 

M = v" Ml^ + M2^ + 2 miM2 cos 6 

where mi and m 2 are the moments of the groups and 6 is the angle of 
separation of the dipoles having these moments. In benzene deriva- 



ortho meta para 

Fig. 10. — Representation of dipole forces in disubstituted benzene derivatives. 


tives, 6 becomes 60® for the orthoy 120® for the metay and 180® for the 
para configurations. If mi and m 2 are identical, the resultant moments 
of orthOy meta, and para configurations become ma/3, m, and 0, respectively. 

In Table XXIV are given moment values for a variety of atoms and 
groups; these values have been used by Sutton to calculate the 
resultant dipole moments of molecules which contain one or more polar 
groups. Separate values are given to be applied in calculating moments 
of aliphatic and aromatic compounds, and several moments are given 
for application to olefinic derivatives. Sutton has estimated his elec- 
tromeric effect to derive values given in the column headed m«; the 
sign of the values in this column indicates the orienting nature of the 
group, i.e., a positive me means an ortho-para directing group while a 
negative signifies a meta directing group (p. 140). The magnitude of 
me is a relative measure of the orienting strength of the group. 

In Table XXV are shown some observed molecular moments and 
the values calculated by the method of vector addition of individual 
atomic and group moments. The agreement is generally good, the great- 
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est discrepancies occurring in molecules such as the nitro-iodo-benzenes 
which have two strongly polar dissimilar groups. 

TABLE XXIV 


Component Factors for Calculation of Moments (Sutton) 


Group 

W^aromatlc 

^aliphatic 

me 

Wethylenlc 

- --CHs 

+ 0.45 

-1.06 

0.0 

+0.45 


=0 

-1.29 

+0.23 


— NHz 

-fl.55 

-1.56 

+ 1.23 

+0.32 


—Cl 

-2.15 i 

+0.59 

-1.66 

— Br 

-1.52 

-2.21 

+0.69 

-1.48 

— CH 2 CI 

-1.82 

-2.03 

+0.21 

-2.00 

- I 

-1.27 

-2.13 

+0.88 


—OH 

-1.7 

-1.83 

+0.15 


— OCHg 

-1.2 

-1.16 

0 


— CHO 

-2.75 

-2.46 

-0.29 


—COCHs 

-2.97 

-2.79 

-0.18 


-COjCHg 

-1.93 

-1.71 

-0.22 


=c==o 

-3.04 

-2.76 

-0.28 


— C=N 

-3.89 

-3.46 

-0.43 


— NO 2 

-3.93 

-3.05 

-0.88 



TABLE XXV 

Observed and Calculated Moments 


Compound 

Observed 

Calcu- 

lated 

Compound 

Observed 

Calcu- 

lated 

Acetaldehyde 

2.7 

2 7 

Toluene 

0.4 i 

0.4 

<rans.CHCl=CHCl 

0 

0 

Nitrobenzene 

3.93 

3.93 

m-CHCl=CHCl 

19 

19 

lodobenzene 

1.30 

1.30 

AUyl chloride 

1.97 

1.90 

o-Nitro toluene 

3.66 

3.75 

Vinyl bromide 

1.48 1 

1.50 

7??-Nitro toluene 

4.14 

4.15 

o-Xylene 

1.68 

1.70 

p-Nitrotoluene 

4.42 

4.43 

o-Iodotoluene 

1.21 

1.15 

o-Nitroiodobenzene 

3.66 

4.72 

m-Iodotoluene 

1.57 

1.54 

m-Nitroiodobenzene 

3 22 

3.47 

p-Todo toluene 

1.71 

1.70 

p-N itroiodobenzene 

2.63 

2.63 


As an alternate method of computing molecular dipole moments, 
it has been suggested that additive values should be assigned to linkages 
rather than to individual atoms. Examples of these moment com- 

(a) Eucken and Meyer, Physik. Z., 30, 397 (1929). (5) Fuchs and Donle, Z. physik, 

Chern., B32, 18 (1933). (c) Allard, Compt. rend,, 192, 1455 (1931). 
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ponents for separate linkages, together with some computed molecular 
moments derived from them by vector addition, are given in Table 
XXVI. The agreement between observed and calculated moments as 

TABLE XXVI 
(A) Linkage Moments 


Linkage 

Moment 

Linkage 

Moment 

' Linkage 

Moment 

C— C 

0.0 

C=0 

2.79 

C—O— 

1.1 

C— H 

0.4 

O—H 

1.63 

C— Cl 

1.5 

C— Br 

1.5 

C— CHs 

0.4 

C— I 

1.3 


(B) Molecular Moments Calculated from Linkage Values 


Compound 

Observed 

Calcu- 

lated 

Compound 

Observed 

Calcu- 

lated 

o-Xylene 

0.68 

0.70 

p-Chlorophenol 

2.3 

2.4 

Allyl bromide 

1.93 

1.90 

Methyl alcohol 

1.68 

1.55 

Ethyl chloride 

1.98 

1.9 

p-Cresol 

1.6 

1.5 


shown in this table is good. It will be necessary to extend the calcula- 
tion to numerous other compounds before a decision can be made as to 
the relative merits of the method of linkage moments as compared to 
that of group moments. 

Many general observations have been made. Wolf and Gross’"^ 
have shown that there exists the same type of alternation in the mo- 
ments of adjacent members of homologous series as is shown in melting 
points, specific heat, etc. Smyth has interpreted some of his data to 
mean that long-chain molecules are fairly rigid in structure; this in- 
vestigator has demonstrated that normal and iso aliphatic compounds 
containing a polar group show the same moments if the branching occurs 
at least two atoms from the polar group. It has been found that if a 
carbon chain contains unsaturated conjugated linkages the dipole effect 
of a polar group attached to the chain is transmitted along the chain. 

The use of dipole-moment data in attacking problems of structural 
organic chemistry has been fruitful in a number of cases. From the 

Wolf and Gross, Z. physik. Chem., B14, 305 (1931). 

78 Smyth and Walls, J. Am. Chem. Soc., 63, 527 (1931) ; 64, 2261 (1932). 

7® Farmer and Warren, J. Chem. Soc., 1302 (1933). 
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knowledge of individual group moments and the determination of molec- 
ular moments it has been possible to calculate the valence angles of 
some atoms like oxygen and sulfur.®® Certain para-disubstituted ben- 
zene derivatives such as the diethyl ether of hydroquinone and the 
dimethyl ester of terephthalic acid have been found to be non-coplanar 
inasmuch as they exhibit definite dipole moments.®^ The structures 
of a number of cis-trans isomers have been definitely established because 
of the fact that cis forms have appreciable moments whereas trans 
forms show much smaller or zero moments (p. 374). The fact that 
tetranitromethane has zero moment argues strongly that all four nitro 
groups are identical and are located at the corners of a tetrahedron; on 
the basis of chemical evidence it had been concluded that one of the NO 2 
groups assumed a nitrite structure. Dipole-moment measurements of a 
number of tetrasubstituted methanes show that in none is it necessary 
to assume a pyramidal structure for such molecules as has sometimes 
been postulated. 

Wolf®^ has attacked the problem of restriction of rotation about the 
C — C single bond in optical isomers by means of dipole measurements. 
If free rotation exists, the moments of dy of I, and of meso forms of 
enantiomorphs should be identical; if free rotation does not exist, the 
moments of the d and I forms should be identical and should be different 
from that of the meso form. Wolf found that the dipole moments of 
pure diethyl d-tartrate and diethyl Z-tartrate were the same, 3.12 X 10~^® 
e.s.u., while the moment of diethyl me.so-tartrate is higher, 3.66 X 10“^® 
e.s.u. The measurements therefore offer strong support for the classical 
theories of molecular structure of LeBel and vanT Hoff (p. 158). 

The number of applications of the study of dipole moments to prob- 
lems of molecular structure is large and the results are very encouraging. 
Although the interpretation of data is sometimes ambiguous, the general 
value of the method is well established. From the standpoint of the 
H'lationship between structure and physical properties, the dipole 
moment affords an excellent example of a property which exhibits addi- 
tive and constitutive components. 

The discussion of dipole moments logically leads to the consideration 
of other properties from which may be determined intramolecular 
dimensions and configurations. 


Glaestone, “Recent Advances in Physical Chemistry,” 2nd ed., Biakiston’a Son and 
Co.. Philadelphia (1933), p. 135. 

Debye, “Polar Molecules,” Chemical Catalog Co., New York (1929). 

Wolf, Trans, Faraday Soc., 26 , 315 (1930). 
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The Structures of Organic Compounds as Determined from 
X-ray Diffraction Measiurements 

The study of the arrangement of atoms in crystals of inorganic 
compounds has been successfully attacked by the use of x-rays. By 
studying the diffraction of x-rays from crystalline surfaces it has been 
possible to calculate the distances between the planes of atoms in the 
crystals just as it is possible to calculate the distance between rulings 
of a grating from light-diffraction measurements. The success of the 
x-ray diffraction method for determining the structure of a crystal 
depends on the degree of symmetry of its internal structure; in general, 
the more symmetrically arranged structural units are the more easily 
analyzed. 

The applicability of the x-ray diffraction method for determining the 
molecular configurations of organic compounds has been somewhat 
limited because most organic substances are quite complex from a 
structural viewpoint and consequently do not exhibit high degrees of 
symmetry. Nevertheless, a great deal of valuable information has been 
obtained about the structures of very fundamental types of compounds. 
It must be pointed out that the investigator of the molecular structures 
of organic compounds has had considerable help in his work from the 
classical pictures of such compounds as postulated for many years by 
organic chemists; he has had certain clues as to the direction he should 
take in the analysis of his data. 

The results which have been obtained from the study of the struc- 
tures of organic compounds by x-ray analysis have been summarized in 
a number of publications.®^* 84 , 85 , 8 6 

The structures of a number of halogenated aliphatic hydrocarbons 
have been determined with some degree of certainty. Iodoform, 
1,2,3,4,5,6-hexabromo- and 1,2,3,4,5,6-hexachlorocyclohexane, hexa- 
bromoethane, cis and trans dichloroethylene, and 1,1- and 1,2-dichloro- 
ethane have thus been investigated. It was found that in all of them the 
structures which fit the data best show carbon to have valence angles 
corresponding to tetrahedral angles as postulated by the organic chemist. 
The cyclohexane derivatives have structures which place the car- 
bon atoms on a puckered ring (p. 5). The distance between chlorine 
atoms in c^s-dichloroethylene is 3.6 A as compared to 4.1 A for trans- 
dichloroethylene (p. 375). 

Hendricks, Chem. Rev., 7, 431 (1930). 

8^ Bragg and Bragg, “ The Crystalline State,” Vol. I, Bell (1934). 

88 Bernal and Crowfoot, “Ann. Repts. Chem. Soc. (London),” Vol. XXX, p. 379 (1933). 

88 Robertson, Chem. Rev.^ 16, 417 (1935). 
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In the diamond crystal each carbon atom is surrounded by four 
others at a distance of 1.54 A placed at the corners of a tetrahedron. 
In graphite the carbon atoms in one plane form a series of interlocking 
hexagons, the distance from carbon to carbon being 1.42 A. 

It is very interesting that the structure of hexamethylenetetramine 
has been accurately determined and is identical with one accepted by 
organic chemists. 

A number of aliphatic compounds has been investigated, a few in 
detail. Of the n-hydrocarbons, nonacosane (C 29 HG 0 ), has been care- 
fully analyzed. It was found that the carbon chain is continuous and 
does not fold back on itself. The carbon atoms lie on a plane and have 
the zigzag structure demanded by the tetrahedral carbon atom. In the 
zigzag structure the distance between alternate carbon atoms was found 
to be 2.54 A, and the C — C distance is very near 1.54 A which w'as 
found for diamond. Other hydrocarbons show an increase of 2.54 A 
for every two CH 2 groups added to the molecule. 



The gross structures of the n-aliphatic acids, the n-aliphatic 
alcohols,®^ and the 7i-aliphatic dicarboxylic acids have been investigated. 
In all these series, the carbon atoms lie on a plane and have a zigzag 
arrangement. In both the acid and alcohol series, it was found that 
the addition of each successive CH 2 group caused an increase in the 
unit structure twice as great as that observed for the //-hydrocarbons. 
This is shown in Fig. 11, which is taken from tabulated data.^'^ The 

♦ From Ewtild and Harmann, loc. cit. (Courtesy of publishers.) 

Francis, Piper and Malkin, Proc. Roy. Soc., (London), A128, 214 (1930). 

Wilson and Ott, J. Chem. Phys. 2 , 231 (1934). 

Ewald and Harmann, “ Strukturbericht, 1913-28,'* Akad. Verlag., Leipzig (1931), 
p. 684. 
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facts just cited argue that there are two molecules per unit structure for 
the alcohols and acids. In the fatty acid series the unit spacings for the 
even carbon compounds are nearly equal to the spacings of the next 
higher odd carbon compounds. The addition of two CH 2 groups to 
an even member of the dicarboxylic acid series causes an increase in 
unit spacing equal to that for the hydrocarbons; the addition of CH 2 
groups to an odd member produces a change twice as great as that for 
the hydrocarbons. 

MiiJler®^ has discussed the elfect of the zigzag structure of the hydro- 
carbon chain upon the properties of the even and odd members of the 
dicarboxylic acid series. He has concluded that the alternating prop- 
erties of this series can be explained by their structures. It can be 
seen from the arrangement of the zigzag chain for the hydrocarbons, 
n-alcohols, or n-acids that the symmetry properties of the odd and even 
members of the series will be different. This difference may well 
account for the alternating properties observed for these compounds. 

The structures of a number of aromatic compounds (pp. 52, 267) 
have been very accurately determined. The analysis of x-ray diffraction 
data for anthracene, naphthalene, sym.-tetramethylbenzene, benzo- 
quinone, and bibenzyl has led to unambiguous structures for these com- 
pounds. Naphthalene and anthracene are composed of plane, regular 
hexagons in which the carbon-carbon distance is 1.41 A. This figure is 
that observed for the C — C distance in graphite. In s?/7?2.-tetramethyl- 
benzene the carbons in the ring fonn a regular, plane hexagon with a C — C 
distance of 1.41 A; the methyl carbon atom is 1.47 A removed from its 
adjacent ring carbon atom. The methyl groups lie in the plane of the 
ring and are slightly displaced from the positions demanded by the 
hexagonal ring, the displacement being 3® greater than that for a 
symmetrical structure. 

The structure of benzoquinone is that proposed by the organic 
chemist except that the ring is slightly skew. An interesting point in 
connection with the benzoauinone structure is that the carbons joined 
by a double bond are 1.32 A apart while the singly bonded carbons are 
removed 1.50 A from each other. The carbon-oxygen distance is 
1.14 A. 

The results of the analysis of the structure of bibenzyl show that the 
two benzene rings are of the regular plane hexagon type; they do not 
lie on one plane but are parallel to each other and are on opposite sides 
of the two CH 2 groups. The carbon atoms in the CH 2 groups exhibit 
tetrahedral bond angles. The CH 2 groups are situated at 1.47 A from 
the benzene rings and are removed from each other by 1.58 A. 

Miiller, Proc. Roy. Soc., (London), A124, 317 (1929). 
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The structures of a number of other aromatic compounds have been 
less accurately determined. All these structures are consistent with 
those found for the more carefully investigated compounds. 

In Table XXVII are collected some of the interatomic distances 
determined from x-ray diffraction data. 

TABLE XXVII 


Interatomic Distances in Some Organic Compounds 


Compound 

! Distance 

in A 

Compound 

Distance 
in A 

Diamond 

C-C 1.54 

Hexamethylbenzenc . 

C — C aromatic 1 . 42 

Graphite 

C— C 1.42 


C— CH, 1.48 

1 ,2,3,4,5,6-IIexabromo- 




cyclohexane 

C— lir 1 . 94 

Nonacosane 

C--C 1.54 

Hcxabromocthane 

C— Br 1.97 

Hydrocarbons 

C— C 1.54 

1 ,2,3,4,5,6-Hexachloro- 




cyclohexane 

C— Cl 1.81 

Anthracene 

C-C 1.41 

Hexachloroethane 

C-Cl 1.81 

Naphthalene ' 

C-~C 1.41 

Urea 

C— N 1.37 
C=0 1.25 

Tetramethylbenzene . 

C — C aromatic 1.41 
C— CHa 1.47 

Thiourea 

Hexamethylenetetra- 

C— N 1.35 
C=S 1 .64 

Bibcnzyl 

C — C aromatic 1.41 
C — C aliphatic 1.58 
C — CHi aromatic- 

mine 

C— N 1.42 

Benzoquinone 

7 >-Diphenylbenzenc. . . 

aliphatic 1.47 

C — C in ring 1 . 50 

C=C in ring 1.32 

C=0 1 . 14 

C — C aromatic 1 . 42 

C — C between 
rings 1 . 48 


The study of x-ray diffraction data has proved very valuable in 
elucidating the gross structures of certain high-molecular- weight com- 
pounds. Such data have helped establish the generally accepted 
structure of cellulose. In cellulose (p. 1586) it was found that bundles of 
very long, parallel, chain molecules constitute the fibers of ramie, cotton, 
etc. The chains are composed of unit structures, presumably cellobiose 
units, which are linked together through oxygen atoms. The length of 
two units is 10.3 A, and the distance between two parallel chains is 
8.3 A in one direction and 7.9 A in the other. 

Randall, “The Diffraction of X-rays and Electrons by Amorphous Solids, Liquids, 
and Gases,” John Wiley and Sons, New York (1934), p. 200. 
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It has been shown by x-ray experiments that rubber in a stretched 
condition is much more highly oriented than in the unstretched state. 
There is still controversy over the actual structure of rubber, but it is 
generally accepted that the material consists of long molecular chains 
of isoprene units, each unit being 4.05 A in length. 

Data similar to those on rubber and cellulose have been obtained 
for hair, wool, natural silk, and proteins. Owing to the lack of exact 
chemical knowledge as to the constitution of these substances, no very 
definite structures have been assigned. 

Electron Diffraction by Organic Compounds 

It has been discovered that moving electrons exhibit properties char- 
acteristic of wave motion and that the reflection or diffraction of elec- 
trons by solids, liquids, or gases obeys certain laws which apply to the 
action of light or x-rays. Advantage has been taken of this fact in 
determining molecular structures by a method similar to that used in 
x-ray diffraction experiments. It is usually experimentally simpler to 
work with gases than solids and liquids in electron diffraction work, and 
most of the data on the structures of compounds have been obtained 
when working with the gaseous state. 

The electron diffraction method of determining the structures of 
substances has a number of advantages over the x-ray method. . When 
measurements are made on gases, complications due to the symmetry 
properties of intermolecular orientation are lacking and the data are 
generally more easily interpreted. Furthermore, the electron diffrac- 
tion method is capable of showing the locations of atoms of lower atomic 
number than those which can be placed by x-ray data. This latter 
fact is of great importance to the organic chemist since carbon has a 
relatively low atomic number and can be located in a molecule by the 
electron method even though much heavier atoms are present. 

The work on the use of electron diffraction measurements to deter- 
mine molecular structures was only recently initiated (1930), but much 
valuable information has been obtained. The results have been con- 
veniently summarized by Randall. ® ^ 

Definite evidence for the planar structure of benzene and the puck- 
ered ring structui^e of cyclohexane has been obtained from electron 
diffraction data. The structures of a few compounds have been deter- 
mined by both x-ray and electron diffraction methods, and the agree- 
ment of the two results is entirely satisfactory. This is shown in 
Table XXVIII. 

A few of the results of electron diffraction studies of organic com- 
pounds are summarized in Table XXIX. 
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TABLE XXVIII 

Distances between Iodine Atoms Determined by X-ray and Electron 
Diffraction Measurements 


Substance 

Electron Diffraction 
by Vapor 

X-ray Diffraction 
by Crystal 

Iodine 

2.64 A 

2.70 A 

1 ,4-Diiodobenzene 

6.85 

6.85 

] ,3-Diiodobenzene 

5.97 

5.92 


TABLE XXIX 

Distances between Atoms Determined by Electron 
Diffraction Measurements 


Substance 

Interatomic Distance 
in A 

Remarks 

Ethane 

C— C 

1.52 


Ethylene 

C=C 

1.30 

Plane structure; CH an- 




gle 110® 

Acetylene 

C^C 

1.22 


Diacetylene 

C— C 

1.51 



C^ 

1.20 j 


Propane 

C C 

1.52 

Tetrahedral angle 

Cyclopontane 

C -C 

1.51 

Tetrahedral angle 

/rrtrw-Dichloroethylcnc 

Cl -Cl 

4.33 


ri.s-Dichloroethylcne 

Cl— Cl 

3.30 


Methyl bromide 

C— Br 

2.06 


Methyl iodide 

C-I 

2.28 


Methylene iodide 

C—I 

2.28 

I— C— I angle 125° 


I -I 

4.06 


Carbonyl sulfide 

c=s 

1.58 

Linear structure 


c=o 

1.13 


liromoform 

C— Br 

2.05 

Br — C — Br angle 115® 


Br— Br 

3.46 


Phosgene 

c=o 

1.12 

Cl — C — Cl angle 110® 


C— Cl 

1.80 



Cl— O 

2.62 

1 

Acetyl chloride 

C=0 

1.14 

C — C — Cl angle 110 ® 


C— C 

1.54 



C— Cl 

1.82 


Methyl azide 

N^N 

1.26 

C — N — N angle 150® 


N=N 

1.10 

— N=N=N linear 


C— N 

1.47 


Carbon dioxide 

0—0 

2 2 

Linear structure 

Carbon disulfide 

s— s 

3.0 

Linear structure 

Carbon tetrachloride 

C— Cl 

1.76 

Tetrahedral structure 

Benzene 

C— C 

1.39 

Plane hexagonal structure 
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An interesting result of electron diffraction measurements on the 
vapor of formic acid has been obtained by Pauling and Brockway. 
They found that two molecules of formic acid are joined together by 
hydrogen bonds to form the symmetrical structure, 


HC- 


O— II^O' 


€H 


in which the distance between oxygen atoms in the 0 — H<— 0 system 
is 2.67 A and the C — O distance 1.29 A. The O — C — O angle is 125°. 
This study provides very definite proof of the existence of chelate ring 
formation in this compound. 

Pauling and Pauling and Huggins have prepared a set of atomic 
radii to be used in calculating the interatomic distance in covalent 
bonds. A few of the values are: single bonds, H = 0.29, C = 0.77, 
N = 0.70, d"= 0.66, F = 0.64, Cl = 0.99, Br = 1.14, I = 1.33, 
Si = 1.17, P = 1.10, S = 1.04, Ge=^1.22, As = 1.21, Se = 1.17, 
Sn = 1.40, Sb = 1.41, and Te = 1.37 A; double bonds, C == 0.69, 
N = 0.63, 0 = 0.59, and S = 0.94 A; triple bonds, C = 0.61 and 
N = 0.55 A. By the addition of these atomic radius values, the inter- 
atomic distances in a number of compounds have been calculated and 
found to agree with observed values. 

An example of this agreement is shown in a study by Brockway and 
Jenkins of the structures of some metallic and non-metallic alkyls as 
determined by electron diffraction experiments. In Table XXX are 
presented the results of their determinations together with the values 
calculated assuming additivity of atomic radii. 


TABLE XXX 


Bond Distances and Radius Sums in Methyl Compounds 


Bond 

Experimental 

Value 

Radius 

Sum 

Bond 

r]xj)('rimental 

Value 

Radius 

Sum 

C— C 

1.55 

1.54 

S— C 

1.82 

1.81 

N— C 

1.47 

1.47 

Cl— c 

1.77 

1.76 

0— C 

1.42 

1.43 

Ge— C 

1.98 

1.99 

F— C 

1.42 

1.41 

Br— C 

1.91 

1.91 

Si— c 

1.93 

1.94 

Sn— C 

2.18 

2.17 


Pauling and Brockway, Proc. Nall. Acad. Sci. U. S., 20 , 336 (1934). 
Pauling, ibid., 18, 293 (1932). 

Pauling and Huggins, Z. Krist., 87 , 205 (1934). 

Brockway and Jenkins, J. Am. Chem. *Soc., 68 , 2036 (1936). 
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Absorption Spectrum and Raman Effect 

It will be profitable to discuss briefly the underlying principles which 
govern the absorption of light by molecules. A simple diatomic mole- 
cule may be considered to have a dumbbell structure in which the two 
ends which are the atoms vibrate very rapidly with respect to each 
other along the line which separates them. In addition to this constant 
rapid vibration, the molecule slowly rotates as a whole about its center 
of gravity. The electronic structure of the molecule in its normal, 
unexcited state remains constant during the vibrations and rotation. 
When energy in the form of light is absorbed by the molecule one or all 
of three changes may occur; the electronic structure of the molecule 
may be altered, the amplitude of vibration of the atoms with respect to 
each other may be increased, or the frequency of rotation of the molecule 
may undergo a change. 

When the light absorbed by a molecule results in a change in its 
electronic structure, the molecule is said to be electronically excited; 
when the absorbed light causes a change in the amplitude of vibration 
of the atoms with respect to each other, the molecule is vibrationally 
excited; when the absorbed light changes the rate of rotation of the 
molecule, the molecule is rotationally excited. Usually the absorption 
of light by a molecule results in simultaneous changes in its electronic, 
vibrational, and rotational states; and in the analysis of the spectral 
absorption data it is necessary to separate the absorbed light into the 
three components which contribute to the three types of excitation. 

Changes in the electronic structures of molecules require relatively 
large amounts of energy, and the absorption of light in the visible or 
ultra-violet spectral regions is therefore usually associated with an 
electronic change. The amount of energy necessary to produce vibra- 
tional or rotational excitation is comparatively small, and the absorption 
of infra-red light consequently indicates that the excitation produced 
is of one or both of these types. It must be repeated that with the 
absorption of ultra-violet and visible light not only does electronic 
excitation occur but also simultaneous rotational and vibrational 
excitations; with the absorption of infra-red light simultaneous vibra- 
tional and rotational excitations usually take place. 

In the Raman effect, light of a given wave length is absorbed by a 
molecule and a certain fraction of its energy is used in producing a 
purely vibrational excitation. The energy not used in this excitation 
is liberated from the molecule as light of a wave length longer than that 
of the exciting source. The difference in wave lengths (or frequencies) 
of the original and emitted light is therefore a measure of the excitation 
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of the vibrating system. Since the Raman effect is measured by dif- 
ferences, the result obtained is independent (within certain limits) of 
the frequency of the exciting light. Furthermore, since infra-red 
absorption data also serve as a measure of vibrational energy effects, 
data obtained from the Raman effect and from infra-red absorption 
should be comparable; this is found to be true for a number of substances. 

The preceding discussion has been confined to diatomic molecules. 
The problem of the analysis of spectroscopic data for polyatomic mole- 
cules becomes exceedingly complicated owing to the large number of 
vibrating systems and to the increased possibilities for electronic transi- 
tions. Indeed, only for polyatomic molecules with high degrees of 
symmetry have the data been successfully analyzed. Nevertheless, 
since each vibrating system of atoms has a characteristic frequency of 
oscillation, it has been possible to assign certain fundamental frequencies 
to the various groups of atoms which occur in organic compounds. 
Since infra-red absorption and Raman-effect measurements are readily 
interpreted because they do not involve electronic changes, these mea- 
surements have been extensively undertaken in the determination of 
characteristic group vibration frequencies. It is recognized and appre- 
ciated that constitutional factors have definite effects on the frequencies 
which the various vibrating atomic couplets exhibit, but the variations 
due to constitution are usually not too great to impair seriously the 
assignment of the fundamental frequencies to particular pairs of atoms. 

Raman Effect. Since the study of the Raman effect affords a direct, 
theoretically simple way of determining the fundamental frequencies of 
vibration characteristic of various atomic linkages, considerable experi- 
mental work has been done in the measurement of the Raman effect 
in organic molecules. Hibben has given an exhaustive summary of 
the experimental data.®^ 

In presenting data on the Raman effect, the usual method of expres- 
sing the magnitude of the difference in frequencies of the exciting and 
emitted light is in terms of reciprocal centimeters, cm.“^, i.e., the 
number of waves per centimeter. The values of these differences are 
termed the Raman shifts. From these Raman shifts it is possible to 
calculate by simple mechanical principles the forces binding the atoms 
of the vibrating system. In Table XXXI are given a few of these 
forces for different types of linkages. It will be seen that the forces for 
single, double, and triple bonds are surprisingly constant irrespective 
of the atoms which are bound together. Although the binding forces 
remain approximately constant for one type of bond, the Raman shifts 
increase as the weights of the atoms in the vibrating couplets decrease. 

Hibben, Chem. Rev,y 18 , 1 (1936). 
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TABLE XXXI 

Valence Forces (F) for Different Types of Linkage 


Y-Callyn 


Y'C4H9n 


YCglliin 

Y-CsHign 


Y* CyH 
Y-CeHi^w 
Y-Cgllign 
YCjoH2i’^ 


F X 10-^ 
Dynes cm.”^ 

Linkage 

F X 10-s 
Dynes cm. ' 

5.38 

N— H 

6.39 

5.02 

0— H 

6.72 

4.40 

C— N 

4.53 

5.05 



11.0 

c=c 

14.82 

11.7 

C=N 

19.23 

11.4 

C^ 

18.83 


200 400 600 800 1000 0 200 400 600 800 1000 1200 



200 400 600 800 1000 

Y=CO-X 


200 400 600 800 1000 

Y=OU 


Fig. 12. — Graphical representation of Raman shifts for organic compounds. 

A convenient method of presenting Raman shift data is illustrated 
in Fig. 12, where the magnitude of the shift is represented as a line 
placed in its proper graphical position. 

The use of Raman data, aside from their theoretical importance, is 
exceedingly valuable in the identification of certain types of linkages in 
organic compounds. The fact that the various types of bonds and 
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atomic couplets exhibit characteristic Raman shifts which can be 
observed independently of the environment of the compound and hence 
which are free of intermolecular complications makes the method one 
of great practical importance for structure determination. It is true 
that constitutive factors affect the absolute values of the shift charac- 
teristic of any vibrating atomic group, but usually the perturbations 
are not great enough to prevent identification of the particular bond or 
group producing the shift. The effect of constitution on the Raman 
shifts characteristic of the C — H linkage is shown in Table XXXII. 


TABLE XXXII 

Raman Shifts for C — H Vibrations 


Linkage 


Linkage 


C — H aliphatic 

2918 

C — H aromatic 

3054 

H 

C— C— H 

H 

j2930 

(2862 

H 

C--C— C 

H 

2970 


In Table XXIXIII are collected values of the Raman shifts for a few 
characteristic atomic linkages. The figures represent either the ranges 
of values observed or rough averages since as shown in Table XXXII 
the absolute numerical values depend to some extent on the structures 
of the molecules investigated. 

TABLE XXXIII 

Raman Shifts for Characteristic Linkages 


Linkage 

Shift, cm.“^ 

Linkage 

Shift, cm.“^ 

C — H aliphatic 

2920-2970 

S— H 

2570 

C — H aromatic 

3054 

C— S 

645 

C — C aromatic 

1580-1608 

N=0 nitrate 

1640 

C — C aliphatic 

800-860 

nitrite 

1640 

c==c . . . ^ 

1600-1650 

nitro 

1565 

C=C 

2100-2250 

C=N 

1650 

C— OH 

820-880 

C=N 

2150 

0— H 

3400 

C — N nitro 

910-930 

C==0 acid 

1654 

amine 

880 

ketone 

1710 

N— 0 

1000-1080 

aldehyde 

1720 

C— Cl 

650-710 

ester 

1720 

C— Br 

670-600 

anhydride 

1750 

C— I 

500-530 

C— C 

1188 and 867 



\/ 




c 
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The effect of substitution on the Raman shift of the C — C aromatic 
linkage of benzene has been investigated. Representative data are 
presented in Table XXXIV. 

TABLE XXXIV 

Raman Shifts for the C — C Linkage in Substituted Benzenes 


Substance Positions of Substituent Groups Shift, cm.“^ 

CftHfiCl 1580 

C 6 H 4 CI 2 1,2 1572 

1.3 1572 

1.4 1572 

CeHaCla 1,2,4 1564 

1.3.5 1563 

1,2,3 1554 

C 6 H 2 CI 4 1,2, 4,5 1563 

1.2. 3.5 1558 

1.2. 3.4 1552 

CfiHClfi 1,2,3, 4, 5 1553 

C«C1« 1, 2,3,4, 5,6 1503 


Kohlrausch®^ has observed some alternation of the Raman shifts 
for the odd and even members of certain paraffin series. His results 
are presented in Fig. 12. 

The value of Raman effect data in determining structures or in dif- 
ferentiating between proposed structures can be illustrated by several 
of the many problems investigated. 

It has been found that the Raman shift due to the C=C bond in 
cis-trans isomers is uniformly greater by at least 15 units for the trans 
compounds than for the cis compounds (p. 375) ; the importance of this 
generalization is obvious. By a careful study of the effect on the char- 
acteristic C=C shift of substitution on the carbons of the ethylenic 
linkage, the structures of rhodinol and citronellal have been determined. 

It has been found that the characteristic C=0 shift of formalde- 
hyde disappears when this compound is added to water; on solution 
the Raman spectrum becomes similar to that of glycol. These facts 
are interpreted to mean that the reaction CH 2 O + H 2 O — > CH 2 (OH )2 
occurs. The fact that no C=0 shifts are found in paraldehyde or 
paraformaldehyde is positive evidence that these polymers are cyclic 
in structure. 

In an equilibrium mixture of a tautomeric substance such as aceto- 
acetic ester, both C=C and C=0 shifts are observed. When the 
possibility of tautomerism is removed by dialkylation of the central 
carbon atom, the C=C shift is no longer observable. These facts 

Kohlrausch, Z, physik, Chem., B24, 380 (1934). 
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afford confirmatory evidence for the classical structure of these com- 
pounds proposed by the organic chemist. 

The presence in the oximes of a Raman shift which corresponds to 
that of the C=N linkage must be definitely considered in any proposal 
of a structure for these compounds. Similarly, it has been established 
from measurements of the Raman effect in nitriles and isonitriles (p. 705) 
that these compounds contain a C=N linkage. 

At the present time, a vast amount of work is being carried out in 
which the Raman shifts of organic compounds are being measured. The 
usefulness of these data for purposes such as structure and entropy 
determinations is unquestioned, but caution must be observed in inter- 
preting them. Without the proper appreciation of the limitations of 
the method and of the necessity for observing certain experimental pre- 
cautions in determining the shifts, a great amount of conflicting data 
can be accumulated. In the main the method has great value for certain 
purposes. 

Infra-red Absorption Spectra. The systematic study of infra-red 
absorption spectra necessitates the use of an experimental technique 
and equipment not readily available to the average research worker. 
For this reason careful systematic studies of the relationships between 
chemical structure and infra-red absorption measurements are not 
numerous. As mentioned above, for the purpose of structural identifi- 
cation the examination of the Raman shifts in organic compounds often 
provides equivalent data. 

One recent investigation of infra-red absorption measurements has 
led to some very interesting conclusions.^® It has beem observed that 
the OH group in alcoholic and phenolic compounds is responsible for an 
absorption band in the neighborhood of 15,000 A. This fact was used 
in the investigation of chelate ring (or hydrogen bond) (p. 1638) forma- 
tion. The infra-red absorption spectra of a number of compounds in 
which such bond formation was thought configurationally possible were 
studied. The absence of the 15,000 A band was considered proof that the 
OH group as such was not present in the molecule and that chelation had 
occurred. By means of the measurements a large number of compounds 
was found to undergo ring formation. The following generalizations 
were made regarding the factors favorable to hydrogen bond formation: 

1. The 0 — H<— 0 distance should be about 2.60 A. 

2. The ring should be free of strain. 

3. There should be a limited number of bonds in the ring about 
which there can be free rotation. 


Hilbert, Wulf, Hendricks, and Liddel, J. Am. Cheni. Soc., 58 , 548 (1936). 
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It was found for every compound but one that chelation (p. 1643) 
occurred only with the formation of a six-membered ring. No case was 
found in which a hydrogen bond compound was in equilibrium with an 
OH tautomer. 

The study just discussed affords an excellent example of the utility 
of a physical measurement which yields definite information about the 
detailed structure of compounds. Since certain structural units are 
frequently responsible for definite isolated absorption bands, the use of 
absorption measurements is often much more conclusive for purposes of 
determining molecular configuration than the employment of a method 
such as the parachor. This is true because the parachor value represents 
the sum of all of the structural units in the molecule and hence necessi- 
tates that individual units be identified by taking differences, a pro- 
cedure frequently lacking in accuracy. 

Visible and Ultra-violet Absorption Spectra. As previously stated, 
the absorption of visible light is usually associated with a change in the 
electronic structure of one or several parts of the absorbing molecule, 
accompanied by alteration in the vibrations of the atoms in the groups 
and by variation in the molecular rotation. If only electronic excitation 
occurred the absorption would be confined to a single definite wave 
length; it is the additional changes in vibrations and rotation which 
are responsible for the broad nature of observed absorption bands. It 
frequently happens that there are two groups in the molecule which are 
more? or less isolated and which act to a considerable extent as individual 
units. If the two groups are dissimilar and are sufficiently isolated in 
the sense that there is no electronic interaction between them, the 
absorption spectrum usually exhibits two separate absorption bands. 
If there is interaction between the groups the resultant absorption is 
characteristic of neither and shows a single modified band. 

The influence of one group upon another as shown by absorption 
measurements is illustrated by observations on the absorption spectra 
of solutions of aldehydes. ^ The spectra of benzene, propionaldehyde, 
benzaldehyde, phenylacetaldehyde, and hydrocinnamaldehyde were 
investigated. It was found that the introduction of the aldehyde group 
into benzene profoundly modified the absorption of benzene. The 
separation of the CHO group from the benzene ring by a CH 2 group as 
found in phenylacetaldehyde resulted in less modification of the benzene 
absorption, and the introduction of two CH 2 groups resulted in an 
absorption spectrum in which the absorption due to the benzene ring 
was practically identical with that of benzene. Simultaneous with 
the above changes in the absorption of the benzene ring there occurred 
Arnold and Kistiakowsky, ihid., 54 , 1713 (1932). 
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alterations in the absorption of the CHO group as found in propion- 
aldehyde; in hydrocinnamaldehyde the carbonyl absorption was iden- 
tical with that in propionaldehyde. The absorption spectrum of 
hydrocinnamaldehyde was the same as that of an equimolal mixture of 
benzene and propionaldehyde. It appears from these data that inter- 
action effects are completely eliminated between the carbonyl and 
phenyl groups when they are separated by two methylenes. 

Similar results have been obtained in a study of the influence on 
absorption of the position of two groups in disazo dyes. It was found 



Fig. 13.* — Influence of separation of absorbing groups upon absorption spectrum. 

1 = RN=NC6H4CH=CHC6H4N— NR'; 2 = RN=NC6H4C6H4N=NR'; 

3 = RN=NC6H4CH2C6H4N=NR'; 4 = RN=NC6H4CH2CH2C6H4N=NR' 

R = (CH8)(0H)C6H3— ; R' = (CH3)2NC6H4— . 

that if the two groups are conjugated with each other the effect is the 
apparent formation of a new electronic system. If the groups are 
separated by one or two CH 2 units the effect is essentially that of 
addition of the separate absorbing systems. These results are illustrated 
in Fig. 13. 

Almost all absorption data on organic compounds have been secured 
from the liquid form or from solutions. Under these conditions the 
detailed structure of an absorption band is lost because of the perturbing 
effects of surrounding molecules. These disturbing factors can be 

Piper and Erode, ibid., 67 , 135 (1935). 

* From Piper and Erode, loc. eit, (Courtesy of publishers.) 
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considerably removed by making measurements at very low tempera- 
tures in dilute solutions of non-polar solvents. ^ ^ At low temperatures 
the thennal effects which are responsible for the disturbance of the 
vibrations of the atomic groups are small. 

The study of the absorption spectra of organic compounds in the 
vapor state has been confined to relatively few substances, and the 
detailed analyses of the data have been restricted to very simple mole- 
cules. Although these have theoretical significance, their practical 
importance to the organic chemist is not great at present. 

Whereas Raman shift data give information as to the types of 
bonds and atomic groups present in molecules, visible and ultra-violet 
absorption measurements are useful in identifying their integrated 
structures. The absorption spectrum of a compound is the resultant 
of all the various components which make up the molecule and is there- 
fore a physical property which is characteristic of the entire molecule. 
The additive and constitutive parts of this physical property have not 
been analytically separated as yet. 

The groups of atoms which act as units in determining the absorp- 
tion characteristics of organic compounds are called chromophores. 
Examples of the better-known chromophores are C=C, N=N, C=(), 

ytO 

N=0, and combinations of these linkages, e.g., C=C — C=C, N=0, 
C=C — N=N — C=C, etc. In simple molecules it has been possible 
to assign rough absorption regions to the various chromophoric groups; 
for example, in aliphatic ketones and aldehydes the carbonyl group 
exhibits absorption in the general region 2600-3000 A. As previously 
discussed, the exact position of the band due to a chromophore is influ- 
enced by neighboring and adjoining groups. Certain linkages such as 
C=C and C — H do not appear in visible absorption spectra although 
they are found in infra-red spectra. This is due to the superposition 
of the electronic shift upon the vibrational excitation; the energy 
necessary to cause a change in the electronic structure of the C=C or 
C — H linkage is relatively great, and the absorption band is far in the 
ultra-violet. 

The effect of interaction of one type of chromophore with others of 
its kind is shown in a study of the absorption spectra of a series of 
compounds containing a furyl group separated from a carboxyl group 
by conjugated chains of increasing length.^® ^ The absorption curves 
are shown in Fig. 14. 

In Fig. 14 it is seen that increasing the length of the conjugated chain 
by the addition of successive CH=CH groups causes a progressive 

101 HauBser, Z. tech, Physik., 16 , 10 (1934). 
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shift of the absorption maximum to the red end of the spectrum. This 
observation is consistent with the chemical behavior of conjugated 
systems (p. 575). As the number of conjugated linkages is increased, it 
becomes relatively more easy to produce electronic changes in the system ; 
this means that the absorption will shift to the low-energy end of the 
spectrum, the red. Chemical evidence has shown that with increasing 
length the thermal reactivity of a conjugated system becomes pro- 
gressively greater. 

Conrad-Billroth has published a series of papers on the absorp- 
tion spectra of aromatic compounds and has pointed out certain relation- 



Fig. 14.* — Influence of increasing length of conjugated chain upon 
absorption spectrum. 

C6H6~(CH=CH)n— CH=CH— CeHs 


ships which exist between the character of the absorption band of a 
compound and other physical properties such as the dipole moment. 
Attempts to resolve the absorption spectra of organic compounds 
into additive and constitutive components have not proved very 
successful. 

The introduction of groups other than chromophores into a molecule 
which contains one or more chromophores can produce one of several 
effects. When the entering group merely increases the weight of the 

Conrad-Billroth, Z, physik. Chem., B26, 139 (1934); B20, 222 (1933); Hillmer and 
Schorning, ibid., A167, 407 (1934). 

♦ Hausser, loc. cit. (Courtesy of publishers.) 

103 Wolf and co-workors, Z. physik. Chem., B13, 201 (1931); B21, 389 (1933). 
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molecule there is generally a slight shift of the absorption bands to 
longer wave lengths or lower frequencies. The introduction of certain 
groups such as OH or NH 2 into a molecule containing chromophores 
frequently results in a marked change of the position and character of 
the absorption. This phenomenon has been discussed by Bury. 

Bury has applied the concept of quantum mechanical resonance 
(p. 1857) as developed by Pauling and others to the consideration of the 
absorption spectra of certain dyes. When a molecule can have two struc- 
tures which are of equal energy content and which can be derived one 
from the other without marked relocation of the atoms, the molecule is 
said to resonate between the two structures. The best-known example of 
resonance is the Kekul4 structure of benzene (p. 55) in which the atoms 
remain stationary but the bonds oscillate between two positions. Bury 
has suggested that the presence of structural resonance in a molecule is 
responsible for the shifting of the absorption bands farther to the red 
than would be normally expected from a consideration of the chromo- 
phores present. 

Dobner’s violet, which is the hydrochloride of p,p'-diaminotriphenyl- 
carbinol, can resonate between two equivalent structures. 


CeHs 


H3N+==/ V-NH 2 

^ ^ CgHs 

H 2 N — ^ ^ ^ =NH3~*~ 


This compound therefore has much deeper color than would be expected 
from a molecule containing the non-chromophoric NH 2 group and the 
three phenyl groups which absorb in the ultra-violet. The compound 
7>aminotriphenylmethane hydrochloride is colorless, and examination 
will show that no resonating structures of equal energy are possible. 
The introduction of the non-chromophoric NH 2 group to one of the 
unsubstituted phenyls immediately introduces the possibility of reso- 
nance, and the deep violet color of the dye results (p. 1888). 

The color of the hydroxytriphenylmethane dyes is likewise due to 
resonance. For example, the anion of benzaurin can have the two 
structures, 

CeHs CeHs 

and the color of the dye is much deeper than that expected from the 
«<B\iry. J. Am. Chem. Soe., 67. 2115 (1935). 
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chromophores present. The introduction of the non-chromophoric 
OH group into the colorless sodium p-hydroxytriphenylinethane pro- 
duces the deep color of the dye because of the formation of resonating 
structures. The introduction of OCH 3 into sodium p-hydroxytriphenyl- 
methane does not produce color, and an examination of the structure of 
the product shows that no resonance is possible. 

The concept of resonance as applied to the absorption spectra of 
dyes is extremely valuable. It furnishes an explanation of the so-called 
auxochromic action of such groups as the NH 2 and OH radicals and 
provides a theoretical basis for considerations of the relationships of 
color and chemical constitution. 

Isomeric compounds of different energy contents usually exhibit 
different absorption characteristics. Thus, the absorption of a trans 
compound extends farther to the red than that of its ds isomer, and 
the absorptions of keto and enol isomers are similarly unlike.^®® On 
the other hand, isomers of equal energy content, e.g., optical enantio- 
morphs, show identical absorption spectra. 

The absorption spectrum of a compound in a non-polar solvent is 
usually independent of concentration effects as regards the intensity of 
absorption and the position of the bands. However, salt-like com- 
pounds may show variations in their absorptions with changes in the 
dielectric constant of the solvent due to differences in degrees of dissoci- 
ation. There may also be variations in the absorption characteristics 
of a dissolved substance in a series of solvents due to differences in their 
electronic distribution; there is evidently interaction between the 
dissolved molecule and the electric fields set up by the solvent. 
Some of these effects are illustrated in Fig. 15. 

The usefulness of absorption spectrum data at the present time lies 
largely in the qualitative identification and quantitative estimation of 
organic compounds. For purposes of quantitative estimation the 
method is usually reliable and can be checked against standard prepara- 
tions. For purposes of qualitative identification caution must be exer- 
cised in the use of absorption data, and great care must be employed in 
eliminating traces of impurities which are likely to cause confusion. 
Entirely too much optimism has been felt by many research workers as 
to the generality of the utility of absorption data; however, with the 
proper appreciation of the limitations of the method much valuable 
information can be derived from its use. 

106 Smakula, Z. physik. Chem . 90 (1934). 

Lowry and co-workers, J, Chem. Soc.^ 1333 (1928); Morton and co-workers, ibid., 
127 , 2698 (1925); 706 (1926). 

Brode and Adams, J. Am. Chem. Soc., 46 , 2032 (1924). 

W8 Brode, J. Phys. Chem., 30, 66 (1926). 
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In the field of natural products the progress of many investigations 
has been due largely to the availability of the physical method of 
identification which absorption measurements supply (pp. 1180, 1358). 
The use of absorption data has proved valuable in the identification of 
isomers, for example, the pyrrole pigments. As a method of deter- 
mining the purity of a product the measurement of the absorption spec- 
trum serves as a valuable tool since traces of impurity often give rise to 
bands which are not masked by the absorption of the principal substance. 



Fig. 15.* — Influence of solvent on the absorption spectrum of henzeneazophenol. 

1 == HCl solution; 2 = pyridine solution; 3 = alcohol solution; 4 = KOil solution. 

With the continued development of the theoretical principles under- 
lying absorption effects much wider use of absorption data can be 
anticipated. The possibility of bringing out the fine structure of 
bands by making measurements at very low temperatures offers hope 
of widening the scope of utility of the absorption method. Finally, 
the proper combination of data derived from Raman effect and from 
infra-red, visible, and ultra-violet absorption measure ments provides a 
method of analysis which may enable the resolution of total effects into 
their additive and constitutive parts. 

Stern and Wenderlein, Z. physik. Chem., A170, 337 (1934); A174, 81 (1935); A177. 
40, 165 (1936). 

* From data of Brode, loc, cit. (Courtesy of publishers.) 
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PART I. THEORIES OF OPTICAL ACTIVITY 

The requirements for the production of optical rotation in organic 
molecules are given in the general chapter on stereochemistry (p. 155). 
In Part I of the present chapter the physical theory of optical activity 
is discussed as well as its application in dissecting the optical rotation of 
the molecule as a whole into the rotatory contributions of each individ- 
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ual chromophoric group. Part II deals with the analysis of the partial 
rotation of the significant group of organic molecules. This informa- 
tion should serve, on one hand, for testing the validity of the present or 
future physical theories of optical activity; on the other, for the corre- 
lation of the configurations of chemically related substances. 

The theories of optical activity deal with two distinct phases of the 
phenomenon: the physical nature of the optical rotation and the condi- 
tions necessary to produce it. 

Nature of Optical Rotation 

Kinetic Interpretation of Fresnel. A few years after the discovery 
of optical rotation by Arago and Biot, the phenomenon was kinetically 
interpreted by Fresnel as circular double refraction.'^ Fresnel^ 
showed that a beam of plane polarized light can be looked upon as the 
sum of two circular vibrations of opposite sense and equal amplitude, 
the phase being such that the circular vectors meet on the direction of 
polarization OR. (See Fig. L4.) Algebraically, a right circularly 
polarized ray may be represented by the following equations : 

Ej = Eo cos 2TTvtj Ej = — E() sin 2TTvi 

where £'/ and Ey are the x and y components of the rotatory vector 
E\ V being the frequency. Similarly, the equations for a left circularly 
polarized ray are as follows: 

Ex^ = Ei) cos 2Trvty Ey = Eo sin 2Trvt 

The addition of the Ex and Ey components of the two rays, respec- 
tively, gives the equation of a plane polarized ray. 

EJ = 2Eo cos 2irvt, Ey = Ey Ey = Q 

In a rotatory active medium, the velocities of the two circularly 
polarized rays are different, and so the plane of polarization of the 
emergent plane polarized light is not the same as that of the incident 
beam. This is illustrated in Fig. !£?, in which the direction of the light is 
perpendicular to the plane of the paper, the light going towards the 
observer. 

In Fig. IB, the left circular vibration is retarded with respect to the 
right, the vector OM 2 being retarded by an angle 2a The resulting 
vector OR has been turned to the right through an angle a. The angle 
of rotation of the resulting vibration is given by the following expression : 



' Freanel, Ann. chim. phys., [2], 28 , 147 (1825). 
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where I is the length of the medium, Vr and Vi are the velocities of dextro 
and leva circularly polarized rays, and w is the angular velocity of the 

c c c 

rotating vector. Substituting 2Trv for co, X for -, — for Vi^ and for 

V m Ur 

{ni and Ur being the refractive indices for the two circularly polarized 
rays and c the velocity of light in vacuo), equation (1) becomes: 


/ N 

a = ~ (m- rtr) 
X 


( 2 ) 



No rotation 



Dextro rotation 


Fig. 1 


(where a is expressed in radians). The difference rii — rir is very small 
as compared with the value of a. A quartz plate 1 mm. thick, for 
instance, has an optical rotation of 21.7° for X 5892.6, hence. 


Ui — Tlr 


21.7 X 5893 
180 X 107 


0.000071 


It follows that optical activity is a very small disturbance of ordinary 
refraction. The events are more complicated in a region of absorption, 
but it will be shown presently that there, analogously, circular dichroism 
is a small disturbance of ordinary absorption. 

Circular Dichroism. For a light of wave length falling within a 
region of absorption of an optically active molecule, not only the veloci- 
ties of the two circularly polarized rays but also, in certain instances, 
their respective absorption coefficients are different. In the latter case, 
the emergent ray is not plane but elliptically polarized, and the phenome- 
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non is generally known as circular dichroism. In Fig. 2 the left cir- 
cularly polarized ray has been assumed to be more strongly absorbed. 
A simple calculation shows that to a first approximation the ellipticity 
is given by the following expression: 

<t> = "(ki— Kr) (3) 

where ki and Kr are the absorption indices 
(as defined in the International Critical 
Tables) of the two circularly polarized rays. 

This formula is analogous to the one derived 
for the expression of the rotatory power in 
a region of transparency. 

Origin of Optical Activity 

A complete theory of optical activity 
should predict the whole rotatory dispersion 
curve of an active molecule (curve of rota- 
tion as a function of wave length). It 
should also predict the absolute configura- 
tions of optically active molecules from 
their signs of rotation, this being one of 
the ultimate aims of stereochemistry. As Fig. 2 

recently as 1933, Freudenberg, in his 
Stereochemie,” wrote, The knowledge of the absolute configura- 
tion of molecules is beyond chemistry, and yet definite progress 
in that direction has already been made. 

Older Theories 

Theories of Guye and Brown. Following up the ideas of Fresnel, 
Pasteur formulated his general principle of dissymmetry; later 
vanT Hoff introduced his concept of the asymmetric carbon atom as a 
necessary condition for optical activity. The theories of Crum Brown - 
and of Guye^ were an early attempt to obtain a quantitative relation 
between the optical activity of a molecule with one asymmetric carbon 
atom, and some parameters of the asymmetry of the molecule. Guye 
postulated that the masses of the four radicals attached to the central 
carbon atom were a measure of this asymmetry, and his formula states 

* Brown, Proc. Roy. Soc. Edinburgh, 17 , 181 (1890). 

^ Guye, Compt. rend., 110, 714 (1890). 
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that the rotation should be proportional to a product of as3rmmetry 
of the form: 

p ^ (mi — m2) (mi — m3) (mi - 1714) {m2 — m3) {m2 — m4)(m3 - m) 

(mi + m2 + m3 + 

where the numerals 1, 2, 3, and 4 indicate the position on the central 
carbon atom. It is evident that, when any two substituents are equal, 
the rotation becomes zero, and furthermore, if any one of the involved 
six differences changes sign, the sign of the rotation is also changed. 

The theories of C'rum Brown and of Guye were soon abandoned 
when it was discovered that isomeric radicals of equal mass are not 
equivalent in their effect on optical rotation. It may be noted, how- 
ever, that in a restricted group of substances Guye's rule does hold. 

Ri 

An instance is the series of hydrocarbons of the type H — C — R2 

I 

Rs 

(where Ri, R2, and R3 are normal aliphatic radicals) since in this case 
the changes in mass of the radicals go parallel with changes in their 
electronic structure. 

All the theories which have superseded those of Brown and of 
Guye have a common origin: the electromagnetic theory of light. 
They all lead to analogous rotatory dispersion formulas in a region of 
transparency. 

Biot’s Law — Course of the Rotatory Dispersion Curves. From 
experiments on the rotatory dispersion of quartz, Biot recognized that 
the rotation was inversely proportional to the square of the wave length. 
This rule is known as Biot’s law and may be expressed by a = A/X^. 
Had the measurements of Biot been more accurate, there is no doubt 
that he would have found empirically the simplified Drude formula, 
A 

“ ^ \2~Z X(,2' express accurately the rotatoiy 

dispersion of a great many compounds. * 

Cotton Effect- Natanson’s Rule. Cotton'* was the first to study 
experimentally the course of the rotatory dispersion in a region of 
absorption. The compounds he investigated were complex salts of 
tartaric acid. He observed that in potassium chromium tartrate 


* It must be added, however, tlrat Biot found that the rotatory dispersion of tartaric 
acid could not be expressed by his formula. 

* Cotton, Ann. chim. phys., 8, 347 (1896). 
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for decreasing wave lengths the rotation increased up to a maximum 
near the absorption band, became zero, and then increased in the other 
sense to a second maximum, as represented in Fig. 3. 

He correlated this anomaly in the rotatory dispersion curve with the 
anomalous circular refraction and the circular dichroism observed in 
the same wave length 4.5 
interval. These phenom- 
ena are known under 
the name of Cotton Effect. 4.5 
Cotton has shown that 
the shape of the rotatory 
dispersion curve in the 4-4 
absorption band is easily 
deduccKl from the dis- 
persion of the indices of +3 
refraction of the two cir- 
cularly polarized rays. 

(See equation 2.) 4-2 

In Fig. 4 are plotted 
the curves. 
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ni = Ur = /r(X) 

and the resultant curve, 

OL = f{ni — rir) 

Cotton also measured 
the circular dichroism 
in the region of absorp- 
tion of the same and of 
other tartrates and found 
quite generally that the 
ellipticity was maximum 
at that wave length which 
corresponds to the point 
of inversion of the ro- 
tatory dispersion curve. Later on, Natanson showed that the sign 
of the circular dichroism determined the direction of the anomaly of 
the rotation: 

On the long-wave-length side of the absorption handy the rotation is 


6000 

A in A 
Fiq. 3* 


5000 


♦ Cotton, Ann. ehim. phys.^ 8, 347 (1896). (Courtesy of publishers.) 
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dextro if the left circularly polarized beam is the one more strongly absorbed, 
and vice versa. This statement is known as Natanson^s rule. 

It must be borne in mind that the optical rotatory power of active 
molecules is the sum of partial contributions, each of which originates 
in a definite absorption band. Therefore, it very often happens that 
the Cotton effect ^Mn a band is partially masked by other rotatory 



contributions, and that the observed rotatory dispersion within the 
band does not represent the true character of the anomaly. On the 
other hand, accurate information concerning the rotatory contribution 
of a band can be obtained through a study of its circular dichroism 
since, as will be seen, formulas have been developed correlating dichro- 
ism and rotation quantitatively. It may also happen that an absorp- 
tion band has no rotatory contribution. In such bands Cotton effect 
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(anomaly of the rotatory dispersion curve and presence of circular 
dichroism) can not be detected. 

Drude^s Formulas. Drude was the first to derive rotatory disper- 
sion formulas by modifying in an appropriate way the dispersion 
formulas of ordinary refraction obtained by Maxwell, Sellmeier, Ketteler, 
and Helmholtz. The presence in the active molecule of oscillators 
(electrons) with a definite period of vibration was his fundamental 
assumption. He also postulated that the active electron, in order to 
respond differently to a dextro and a levo circularly polarized ray, 
had to vibrate along a helicoid path. Although his mathematical 
treatment does not correspond to his model, as has been recently pointed 
out by Kuhn*^ (in fact, his model is optically inactive), the formulas he 
derived are valid. In a more convenient form given by Natanson® and 
Bruhat, ^ they are as follows : 


TPO 


VO 


2 - ^2 


+ V^V 


2J2 


n A 2 

<^> = — :r ^ 


(y{? — 


— 2 ^ ( 4 ) 


where a is the angle of rotation, <t> is the ellipticity in a region of absorp- 
tion, D is a constant, vo is the head of the absorption band, and p' is the 
damping factor. More than one band should usually be taken into 
account to express the rotation of the simplest molecule. Thus a sum 
of terms of the above type, each term with its own D, v', and vo values, 
has to be considered. 

Outside an absorption band, the term w' may be neglected, the 
ellipticity is zero, and the expression for the rotatory dispersion becomes 




Vo^ — V" 


D 


( 5 ) 


or in terms of X, a = 


; , where A = irD. This expression is 


X2 - Xo^ ^ 

known as the simple Drude formula; the total rotation of the molecule 
is a sum of partial terms of the above type, such as. 


[Ml - 2 ^ 



( 6 ) 


This “ simple Drude formula, or better, a sum of two or three such 
terms, was shown by Lowry and others to express w ith accuracy the 
rotatory dispersion of many organic compounds. Inside the band, 
VQ^ — j/2 jg small, and the term vp' cannot be neglected. The analysis 

» Kuhn, Z, physik. Chem., B 20, 325 (1933). 

® Natanson, J, phys., [4], 8, 321 (1909). 

Bruhat, Ann, phys, 3, 232 (1915). 
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of the formula leads to the following conclusions, as pointed out by 
Bruhat:^ 

1. The rotation becomes zero and changes sign for v = vo. 

2. The rotation exhibits one maximum and one minimum for 
values of v approximately equal to vo ± v' 12 where the ellipticity 
has half its maximum value. 

3. The difference between the maximum and the minimum 
rotations is approximately equal to the maximum ellipticity. 

It can be seen in the few instances where the observed rotation is 
furnished mainly by one absorption band that the shape of the experi- 
mental rotatory dispersion and of the ellipticity curves inside the band 
is qualitatively of the type required by the above formulas. One can- 
not expect a perfect agreement between these formulas and experimental 
values for the following reasons: 

First: These formulas are valid for the gaseous state and not for 
the liquid phase. 

Second: It is well known that formulas of the Ketteler-Helmholtz 
type do not accurately represent experimental absorption curves (p. 1765) . 
Hence it cannot be expected that the Drude formulas which are analo- 
gous to the Ketteler-Helmholtz dispersion formulas should express with 
precision the rotatory dispersion curve inside an absorption band. 
In potassium chromium tartrate, the rotatory power in the green yellow 
part of the spectrum is mainly furnished by one partial contribution, 
as may be seen by the symmetry of the dispersion curve. (See Fig. 3.) 
If the Drude formulas held accurately, then one should expect the value 
of the rotation at the maximum to be about half the value of the maxi- 
mum ellipticity. As may be seen, the rotation reaches 3°, and the 
maximum ellipticity is 5.3°. The discrepancy is probably still greater 
according to newer measurements made by Kuhn and Szabo. ® As will 
be seen later, the newer rotatory dispersion formulas developed by 
Kuhn are in better agreement with the experimental data. 

Newer Theories 

Although the theories that came after that of Drude have a greater 
significance for the physical theory of optical rotation than for their 
application to the problems of organic chemistry, yet they should be 
discussed here since they were the basis of the theory of Kuhn which 
had such a profound influence on organic research. 


® Kuhn and Szabo» Z. physik. Chem., B 16, 59 (1931). 
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Theories of Oseen and of Born. Among the newer theories, first place 
should be given to those of Oseen ® and of Born. ^ ® The following con- 
ditions are essential in both theories: First, the dimensions of the mole- 
cules cannot be neglected when compared to the wave-length of the 
incident light as in the ordinary theories of dispersion. Second, the 
different resonators located in a molecule are coupled; that is, the dis- 
placement of one resonator influences the displacement of the other. 
At least four non-planar ” electrons are necessary to produce optical 
activity, a condition which is fulfilled by the asymmetric carbon 
atom. 

J. J. Thomson’s Theory. ^ ^ This theory also assumes a coupling 
between resonators, and furthermore postulates in the optically active 
molecule two disymmetric systems, one produced by a rigid tetrahedron 
of the four groups attached to the asymmetric carbon atom, the other 
corresponding to the valence electrons of the four bonds. 

de Mallemann’s Theory. ^ - The original assumptions of de Malle- 
mann’s theory are similar to those of Bom, i.e., the existence of coupling 
forces between the different resonators and the influence of the dimension 
of the molecule. His model is an irregular tetrahedron whose edges are 
determined by the dimensions of the substituent radicals or substituent 
atoms, do Mallemann attributes an electric vector to each of the four 
radicals or atoms. The electric moment of an atom is the sum of the 
moments of its valence electrons. This moment corresponds to the 
refractivity of the atom, de Mallemann calculated the molecular 
rotation of the hypothetical compound CHClBrl and found [M]u — 8*^. 
This value seems to be of the right order of magnitude, but it cannot be 
verified experimentally since the compound is unknown. It is inter- 
esting to note that rotatory power in this theory depends to a first 
approximation on the inverse eighth power of the distance between the 
atoms, a relation obtained by Bom in his latest calculations. 

The weakest part in de Mallemann^s theory is his assumption con- 
cerning the polarizabilities of the atoms. He had to introduce this 
assumption to calculate the rotation from known physical properties. 
The weak absorption bands situated in the near ultra-violet region, 
which have an insignificant effect on the refractivity of a radical, may 
lend a very important contribution to the rotatory power. The effect 
of such bands is entirely neglected in this theory. 

Boys’ Theory. Like de Mallemann, Boys endeavors to find a 

® Oseen, Ann. Physik, 48, 1 (1915). 

^0 Born, Physik. Z., 16, 251 (1915). 

Thomson, Phil. Mag., [6], 40, 713 (1920). 

1* de Mallemann, Conipt. rend., 181, 298 (1925). 

18 Boys, Proc. Roy. Soc. {London), A 144, 655 (1934). 
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relation which will express the total rotation of an active molecule as a 
function of the refractivities of the groups and of their spatial distribu- 
tion. His model consists of a tetrahedron of four isotropic particles 
(atoms or radicals). All the tetrahedra are distributed at random so 
that the medium as a whole is isotropic. 

Under the action of the electric field of a light wave, each atom 
becomes an oscillating electric doublet. Inside the molecule, the electric 
field of the wave is altered by the fields of the doublets themselves. 
In other words, the secondary wavelets caused by all the doublets, when 
added together, change the plane of polarization of the original wave, if 
the model is asymmetric. 

The calculation of Boys led to the following formula for the specific 
rotation of a medium consisting of molecules containing one asymmetric 


carbon atom. 


w = 


/16.62 (n2 + 2)(n2 + 5) R^RbRcRd (1 + F)\ 
\(a - b)(a - c)(a - d)ib - c)(b - d){c - d)/ 
\m(a + b + c + dy^ 


( 7 ) 


where M is the molecular weight of the substance; n is the refractive 
index of the medium; Ra^ Rbj Rcj Rd are the refractivities of the 
groups Aj Bj Cj D (as given by the formula of Lorenz and Lorentz 
[p. 1738]) ; a, 6, c, d are the effective radii of the same groups in Angstrom 
units; and F is function of the distances a, Z>, c, d which has not much 
effect. Its values may be found in Boys^ original article. 

It is apparent from this formula that only the refractivities and the 
diameters of the four radicals are necessary to calculate the rotation. 
The sequence A, B, C, D determines the spatial distribution of the 
groups. By convention, the order B, C, D appears clockwise when A 
is towards the observer. Consequently, the rotation is dextro when 
A > B > C > D, since all the six differences (a — 6)(a — c), etc., 
have a positive value. Thus the formula allows the determination of 
the absolute configuration of a molecule from the sign of rotation of the 
latter. The rule may be expressed as follows: A compound is dextro- 
rotatory when, viewed with the largest group towards the observer, the 
arrangement of the three other groups appears clockwise in the order of 
diminishing volume. 

The assumption that the four radicals can be looked upon as iso- 
tropic spheres seriously limits the application of Boys’ equation (7). 
Furthermore, it appears from this equation that the dispersion of the 
rotatory power should be given by the dispersion of the product. 


RaRbRcRd 
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because this theory, like that of de Mallemann, neglects the influence of 
the absorption bands unimportant for the refractivity of a group. 
Born, discussing Boys' formula, remarks that rotatory power and 

refractivity are both ^^sums of terms of the type — -, whereas, 

in the case of the refractive index, the ai are all positive, in the case 
of rotatory power their sum is zero so that some of them must be 
negative.” The result is that the two dispersions cannot be expressed 
identically. 

Kuhn’s Theory. Kuhn, ^ ^ like the preceding authors, postulated a 
coupling between electrons located in different parts of the same mole- 
cule. 

The progress made by the theoretical considerations of Kuhn is the 
development of new formulas to express the circular dichroism and the 
rotatory dispersion inside an absorption band. The method followed 
consists in finding the simplest oscillating system which would react 
differently towards a right-handed and a left-handed circularly polarized 
wave and thus be optically active. The model used consists of two 
harmonic oscillators of charge Ci and 62* and mass mi and m2 separated 
by a distance d along the z axis. The first resonator is then vibrating 
along the x axis and the second in the direction of the y axis. The total 
potential energy of the system is 

U =Ui+U2^ + hk2y2^ 

27r ^ mi 

This particular system exhibits no optical activity. However, when 
the vibrations of both resonators influence each other, so that they are 
coupled, then a third term has to be added to the equation representing 
the potential energy of the system. 

U = ^kixi^ + i/c22/2^ + ki2Xiy2 

The forces acting on resonators one and two are now 

A:i = — kixi — ki2y2 and k2 = — k2y2 — ki2Xi 

From the action of these two forces arise two vibrations, ^1 and {2, 
with approximate frequencies vi and V2 if the coupling force is small. 

Kuhn, Trans. Faraday Soc., 26 , 293 ( 1930 ). 

* The values — and — can be written — =* /i — and — = A — , where /i and /2 
mi ma mi ?n ^ m2 m 

represent the number of optical electrons per molecule. An / value is a measure of the 
intensity of a band and may be called “ intensity factor ” of the oscillator. 


t'2 


27r 


' m2 
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The important feature is that both resonators take part in each 
vibration. Analysis shows that if V 2 > v\y then the forced motion of 
resonator 2 (in vibration ^i) is along the negative axis of y and the 
forced motion of resonator 1 (in vibration ^ 2 ) is along the positive axis 
of X. (The opposite signs for the two forced motions result from the fact 
that the resonance terms {v 2 ^ — and — j' 2 ^) are of opposite sense.) 



It can be shown that, if a plane polarized wave is incident on the 
system, the work transferred to part^icles 1 and 2 in either vibration 
f 1 or ^2 is different for the right and left circularly polarized components 
of the wave. This result is graphically represented in Fig. 5. The 
action of a right wave acting on vibration ^2 may be seen in Fig. 5A ; 
in Fig. 5B appears the action of a left wave acting on the same vibration. 

The forced motion of particle 1 is represented by 0 x 1 . The sense of 
rotation of the two electrical vectors corresponding to the two circularly 
polarized rays — as a function of time, d being constant — has been 
indicated by arrows on the circles drawn in the plane XOV. 
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To render the phenomenon more apparent, the distance d has been 
chosen equal to X/4. 

It is evident that the two actions are not symmetric, since for z = d 
the sign of the vector of the right circularly polarized wave acting on 
particle 2 is the same as the sign of the velocity of 7/2, whereas the vector 
of the left circularly polarized wave is of opposite sign. Hence there 
should be a difference in the indices of refraction of the two waves and 
the model should exhibit rotation. 

It follows immediately that a molecule is optically active if the vibrating 
moment corresponding to a given absorption band has at least two non- 
parallel components. 

The calculation takes account of the vibrations set up under the 
influence of light and of the secondary waves originating from the 
resonators. The method is closely similar to that followed in the theory 
of ordinary dispersion. There, too, a damping factor has to be added 
in order to obtain a general equation valid in regions of absorption. 

Notwithstanding the difference between the models of Drude and of 
Kuhn, the latter arrives at expressions for optical rotation and circular 
dichroism identical with those of Drude if the various constants of his 
e(iuations are included in the constant D of Drude's equations. Kuhn 
has shown that the constant could also be expressed as a linear function 
of a factor g defined as 


= {9i)u - = 

Vi 


/ ni - nA ^ f pi- Mr \ 

Vn-l4 \ M 4 


( 8 ) 


where is the value of g for v\y and and are the absorption 
coefficients of the two circular components of the vibration Ji. These 
absorption coefficients are related to the ordinary absorption coeffi- 
cient p (as defined in the International Critical Tables) by 

2 

and and are the indices of refraction of the same com- 

ponents. 

Kuhn calls the factor g the anisotropy factor.^' For the constant D 

Ncq^c gi 

he arrives at the expression D = r ft, ~~ . For a single vibration, 

ZTm 

say fi, the expressions for rotation and circular dichroism then become 




2 

2mc VI {vt^ — + v^vi^ ^ 


4(<#>)h = (M7 “ = 




me VI (vi^ 


Wi 

V^)^ + V^Vl^ 
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where the damping factor v\ is equal to the half-width of the absorption 
band, and </> is the ellipticity. The other constants have already been 
defined. 

The sum of two terms of the above type represents the rotatory 
contribution of the vibrations and ^2. For a region of transparency 
their sum can be expressed as follows: 

2 mc _ VI vi^ — V2 


For a sum of several absorption bands the expression becomes 
^ 2mc Vi V? — v^ 


( 9 ) 


Comparing Kuhn^s rotatory dispersion formulas with those of ordinary 
refraction and absorption, the anisotropy factor can be formulated in 
the following way: 

The anisotropy factor is the coefficient by which the contribution of one 
absorption band to the ordinary refraction has to be multiplied^ in order to 
obtain the rotatory contribution of the same band. Or the anisotropy factor 
is the coefficient by which the ordinary absorption in a band has to be 
multiplied in order to obtain the circular dichroism of this band for the 
corresponding loave length. If the molecule had a plane of symmetry, 
the anisotropy of each band would of course vanish. 

Furthermore, it can be deduced that 


Ml 


Vi 

and, by generalizing. 



V 2 


0 or 



( 10 ) 


The sum of the numerators of all the Drude terms corresponding to all 
the active bands of the molecule is zero. Or to each positive contribution 


Ai^ 


VI 


2 - 1,2 


furnished by vibration (absorption band vf) there corresponds 


a negative contribution 


Av^ 

V2^ — V^ 


originating in the coupled vibration f2 


(absorption band V2). These deductions offer an explanation for the low 
values of observed rotations. 

It can easily be seen that the molecular rotation should vanish 
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towards both ends of the spectrum. For very low frequencies the 
numerators of each Drude term approach zero, while for high frequency 
the limit of each Drude term is A, and their sum is zero; hence [M] = 0. 

The Vicinal Function. Tschugaeff has emphasized that, when a 
group with a definite absorption band is introduced into an active 
molecule, this band need not invariably acquire a partial rotation of its 
own. As has been seen, it becomes anisotropic if it is coupled. This 
anisotropy is termed by Kuhn induced anisotropy.^^ The vibration 
corresponding to this absorption band, however, by the mere fact that 
it is anisotropic, influences the induced anisotropies '' of the vibrations 
of the other absorption bands with which it is coupled. This effect is 
termed by Kuhn ^Wicinal function.'' Thus the coupled absorption 
bands of each substituent play a double role in the total molecular 
rotation. Methyl phenyl carbinol (A) and mandelic acid {B) may serve 
as an illustration. 

CH3 CO2H 

I I 

H— C— OH H— C— OH 

I I 

C6H5 CeHs 


A 


B 


In A the absorption bands of the phenyl group at X — 2600 are not 
active. They become active, however, by the substitution of CO 2 H for 
(II 3 . On the other hand, the carboxyl group acquires an anisotropy 
of its own different from that of the CH:i group. 

It is self-evident that individual substituents furnish different 
contributions to the total rotation, otherwise the molecular rotation 
would equal zero. According to Kuhn, the absorption bands in the 
Schumann region furnish the smallest contributions, and since the 
number of their dextrorotatory is nearly equal to that of their levorota- 
tory contributions, the total contribution of the distant absorption 
bands in many instances may be negligible. In Kuhn's terminology 
they contribute principally by their vicinal effect. Kuhn further 
postulates that, inasmuch as the vicinal effect is produced principally 
by the bands in the Schumann region, it is not affected by small chemical 
changes in the substituents. However, small change," according to 
Kuhn himself, is very difficult to define. 

It must be added that the present-day theory of optical rotation 
does not permit the prediction of the vicinal effect of any given arrange- 
ment of substituents. Such information would involve complete knowl- 
edge of the relationship of chemical structure to optical activity. All 
the available information in this direction thus far has been obtained by 
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empirical methods, save the very few simple substances for which an 
absolute configuration has been derived. 

The Rotatory Dispersion Curves of Liquids and Solutions. The 
equations obtained so far for the rotatory dispersion include the assump- 
tion that the absorption curves are of the Ketteler-Helmholtz type 
Experience has shown that for substances in the liquid state this is not so. 
The following equation is the most general one representing the rotatory 
contribution of one absorption band in regions of transparency and of 
absorption, whatever the shape of the absorption curve. 

“ “ 27r7 n (t'l^ - 1 '^)^ + »'Vi2 


This equation after simplification reduces to. 


a 



1 


pr 




The integration has to be carried out over the frequency interval of 
the absorption band. Bielecki and Henri were the first to note that 
the formula of Kc^tteler^Helraholtz does not represent accurately the 
shape of the absorption curves of a number of organic compounds and 
that an exponential equation based on a Maxwellian distribution more 
satisfactorily expresses the experimental results. 

The absorption curve can be represented by the following equation: 

M = Mmax. e '' * 

where 6 = 7-7.“- .* {v' = half-width of the band.) 

1.665 


The integration is carried out on the assumption that g = go 

VO 

in other words, that the anisotropy factor is practically constant within 
the band in spite of the fact that the same band could be resolved into 
its components (vibration and rotation terms) for the gaseous state. 
The resulting equation is 


[M] 


<|) V 

a54i ^ 


W,-|/ 



e 

2(»’o + v). 


( 11 ) 


where [M] is the molecular partial rotation of the band vq, and # the 
ma ximum value of this partial value which is reached for >»o — 0.9^. 

Bielecki and Henri, Physik. Z., 14, 51G (1913) 

* 1 665 

— — is the value of x which makes the term *0.6. 
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At a certain distance from the absorption band (for practical pur- 

0 

poses for v < vo — 40) the integral is reduced to — so that the 

2{yQ — v) 

equation takes the form of a simple Drude term, 


It follows that the rotation outside an absorption band does not depend 
on the shape of the latter. The relation between maximum rotation 
(reached for v vq — 0.90) and maximum circular dichroism of the 
band is as follows: 

^ 100 (€, - 6 .) 

w = 

2.85 


where ^ is in radians. 

Since the following relation holds between circular dichroism and 

^ login ^ 

= — there is obtained 


ellipticity (ei 


cl 


' 0.61 


being the maximum rotation and(/?niax. the maximum ellipticity for a 
given band. Drude^s formula led to the relation already mentioned 
0!max. ~ 0.5v>n^ax.* 


If the curves of the rotatory dispersion calculated by the complete 
Drude formula and by Kuhn^s formula (11) are compared, it becomes 
apparent that for values approaching v = vo the rotation increase's more 
rapidly with Kuhn^s equation than with Drude^s. ^ ^ The experimental 
evidence is in favor of Kuhn^s formula. 

Lowry and Hudson ^ ^ found that absorption bands are, as a rule, 
symmetrical on a scale of wave lengths and not on a scale of frequencic's; 
consequently the exponential equation representing the absorption 
curve fits the experimental data better if X is the variable instead of y. 

Making this transformation, the equation of Kuhn (11) becomes 


[M] 


i 

m X 




0 

2(X + Xo)_ 


where m is the maximum value of the term inside the bracket ; for most 
of the bands so far studied, m — 0.56. 

Distance of Coupled Electrons. Using the model discussed hitherto 
for two coupled oscillators the vibrations of which are at 90° from each 
other and separated by the distance d, Kuhn^® derived the equation 

Levene and Rothen, J. Chem. Phys., 2, 681 (1934). 

Lowry and Hudson, Trans. Roy. Soc. {London), A 232, 117 (1933). 

Kuhn and Bein, Z. physik. Chem., B 22, 406 (1933). 
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g — — for the maximum anisotropy factor under conditions of ran- 
X 

dom distribution of molecules with respect to incident light. It was 
then found that in many instances the values of d were far greater 
than the molecular dimensions. Theoretical investigation showed that 
maximum dichroism is indeed to be expected when the two vibrations 
are oriented at 90®; the anisotropy factor, on the other hand, is maxi- 
mum when the two vibrations are nearly anti-parallel, in other words, 
when the system is a quadrupole. (See Fig. 6.) 

For a random distribution, d ^ — — ^oXo\//, where the constants 

47r 

have already been defined. 

Calculations showed that in every case investigated the values of d 
did not extend over the molecular dimensions. However, these values 
do not give any real information as to the actual distance d since they 
are only minimum values. 

Application of the Simple Drude Formula a = ^ ^ for the 

A** ““ A 

Interpretation of the Rotatory Dispersion of the Organic Molecules in a 

Region of Transparency. It should 
" be emphasized once more that the 

Drude formula expresses the course 
rotatory dispersion if the condi- 
tion ^Ai = 0 is fulfilled. However, 
^ this does not mean that the sign of 

j the partial rotations alternates regu- 

j larly in the order of the X* in which 

j Xi > X 2 . . . > Xi) it means only 

\d that there is an equal number of 

V. j positive and negative terms, and that 

j their sum is zero. 

It was the merit of Lowry and 
his students to demonstrate that the 
dispersion curves of organic sub- 
stances may be expressed by such 
formulas, and Tschugaeff was the 
first to emphasize for organic com- 
Eia. 6* pounds the relation of the disper- 

sion to the absorption regions of the 
molecules. Lowry observed that in certain cases a single-term Drude 
formula was sufficient, in others, a formula consisting of two or more 

* Kuhn and Bcin, Z. physik. Chem., B 22, 406 (1933). (Courtesy of publishers.) 
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terms was required to represent the rotatory dispersion curves. It is 
advantageous to express the rotatory dispersion curves graphically by 
plotting 1/a against as was originally done by Biot. A straight line 
is obtained when the dispersion can be expressed by a single term. 
Lowry called this type of dispersion simple.''* He calls the dis- 
persion complex " when the function 1/a = /(X^) deviates from linear- 
ity, which means that not less than two terms are required to express 
the dispersion curve. Among the complex " rotatory dispersion 
curves, those are termed anomalous " which exhibit an inflection, a 
maximum, and a reversal of sign of rotation with decreasing wave 
lengths. It should be emphasized that in dispc^rsion curves anomalies " 
which lie outside absorption bands are produced by a mechanism entirely 
different from those previously discussed in connection with the Cotton 
effect." 


It will be shown presently that a study of the curve \/[M] = /(X^) 
may dissect the molecular rotation into two partial components, one 
corresponding to the partial rotation of the band with the longest wave 
length, the other corresponding to the sum of the remaining partial 
rotations. ITie analysis may first be attempted graphically, but as 
the deviation of l/[M] = /(X^) from linearity is usually very small, an 
algebraic analysis has to be resorted to. ^ ^ 

If \/[M] = /(X^) is not a linear function, it may be supposed as a 
first approximation that the dispersion can be expressed by two simple 
Drude terms. The precision attained in most measurements does not 
necessitate the calculation of a three-term formula. 

The curvature of the graph (1/a, X^) varies in a definite manner, 


depending upon the relation between the terms 



A2 

X2 ~ Xs^* 


Evidently for very small intervals of the dispersion curve it is possible 
to find an expression Ao/(X2 — Xo^O which very nearly satisfies the 
right-hand term of the expression, 


\M] = Ai/(X2 - Xi2) ± A2/(X2 ~ X 22 ) 

The value of Xo and its variation with successive small wave-length 
intervals provides the required infonnation on the relative values of 
the four constants of the two Drude term formulas. 


* In the single-term Drude formula, a ** 



the empirical dispersion constant 


Xo acquires a physical meaning only when the formula expresses the entire experimental 
dispersion curve close to the region of absorption of the active band. ^ 

^’Hunter, J. Chem. Soc„ 125 , 1198 (1924). 
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The following four combinations have to be considered: 

Two terms of the same sign (for long wave lengths). 

(1) Xi > X2, - Xi2) > ^2/(X2 - X 22 ) 

(2) Xi > X 2 , ~ Xi2) < A2/(X2 - \ 2 ^) 

Two terms of opposite sign (for long wave lengths). 

(3) Xi > X 2 , Ai/(X2 - Xi2) > ^2/(X2 - X 22 ) 

(4) Xi > X 2 , ^i/(X2 - Xi2) < 42/(X2 - X 22 ) 

Case 1. The resulting curve is practically a straight line for the 
long wave lengths, the curvature becoming more pronounced when X 
approaches Xi. The values of Xo lie in between Xi and X 2 (X 2 < Xo < Xi) 
and for smaller wave lengths are progressively shifted towards Xi. 

Case 2, This case is similar to 1 but the curvature is accentuated. 
The displacements of Xo are greater, but the condition X 2 < Xo < Xi 
still holds. 

Case 3. Here the condition is X 2 < Xi < Xo. With decreasing 
wave lengths there is a displacement of Xo towards Xi. The curve 
generally deviates from a straight line more than in cases 1 and 2. 
The apparent shift of Xo may be considerable when the whole spectrum 
is considered. Rotations in the visible region may lead to Xo values 
1500 A higher than those obtained from rotations in the ultra-violet. 
(This effect is more pronounced the more nearly Ai and A 2 approach 
the same magnitude.) 

Case Ji-. With decreasing wave lengths, the curve first decreases to 
a minimum at < Xi < X,„), then increases to + 00 , reappears at 

— ^ , and approaches zero for the smaller wave lengths. (The rotation 
goes through a maximum, decreases, reaches a zero value, and increases 
in the opposite direction.) The Xo values calculated from measurements 
in the long-wave-length region are smaller than X 2 (Xo < X 2 < Xi) and 
become negative for X values approaching X^. This last case cor- 
responds to an anomalous dispersion in a region outside an absorption 
hand. 

From this analysis it follows that the graph (1/a, X^) leads to infor- 
mation about the direction of rotation of each of the two contributions 
and their relative values. 

For a long time it was thought that a mixture of two kinds of active 
molecules of opposite sign with different dispersion ratios was a necessary 
condition for the obtaining of anomalous dispersion. Anomalies of this 
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type were exhaustively investigated by Biot, and it is noteworthy that 
even up to recent date the anomalous dispersion of tartaric acid was 
interpreted on the assumption of two dynamic isomers by authorities 
such as Lowry, notwithstanding the fact that Bruhat had emphasized 
that this assumption was superfluous. 

Tschugaeff was the first to state clearly the three following possible 
causes for anomalous dispersion in a region of transpanmcy : 

( 1 ) The two partial rotations correspond to two different molecular 
species. 

(2) The two partial rotations have their origin in two active (or 
asymmetric) centers belonging to the same molecule. 

(3) The two partial rotations have their origin in groups attached 
to a single asymmetric carbon atom. 

Absolute Configuration. Kuhn^^ attempted to determine the 
absolute configuration of the simplest secondary carbinol, methylethyl- 
carbinol. It was assumed that ( 1 ) the CH 3 and C 2 Hr) radicals, as 
well as the asymmetric carbon atom, can be considered as isotropic 
resonators; ( 2 ) the OH group is anisotropic, for, as a second approxima- 
tion, its anisotropy is a necessary condition for the appearance of a 
rotatory contribution — if the OH group were isotropic, optical activity 
would disappear for an approximation of the same ordc^r; (3) there is a 
restricted rotation of the group OH around the C-0 axis. 

The calculation consisted in identifying a definite vibration of the 
OH group with an absorption band of the same group. 

From measurements of Kerr effect, and assuming that the partial 
contribution of the first band is predominant, Kuhn came to the con- 
clusion that the carbinol with the following configuration is levorota- 
tory: * 

OH 


CHa— C— C 2 H 6 

I 

H 


Many arguments seriously limit this conclusion. From measurements 
on a series of secondary carbinols, it has been found that the sign of the 
first rotatory contribution of secondary carbinols of the above type is 
opposite to the sense of the rotation observed in the visible part of the 
spectrum; hence the above carbinol should be dextrorotatory, a con- 
clusion arrived at by the theory of Boys. 

20 Kuhn, Z. phyaik. Chem., B 31, 23 (1936). 

* The dotted lines go to groups below the plane of the paper and the full lines to groups 
above the plane of the paper. 
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Dextro rotation 
when 




Fio. 7* 


Born’s Newest Development. 

Bom made a new attempt to ob- 
tain an equation connecting optical 
activity with some known param- 
eters of the molecule. His model 
(Fig. 7) consists of two pairs of reso- 
nators. By perturbation methods 
calculation was made of the mutual 
reaction of the two pairs of resona- 
tors, as well as the mutual reaction 
of the two resonators in each pair. 
Born^s general expression is greatly 
simplified when the model has a 
binary axis of symmetry and when 
the two pairs of vibrators are per- 
pendicular to each other. (See Fig. 
7.) Active molecules (I and II) of 
such type are known. 


Hv /NH2 

/^\ 

CHa CHz 

CHa CH2 

'^NH2 


CHsv /CO2H 

/^\ 

0 0 


CH 2 CH 2 

/ \ 

CH 2 CH 2 

I I 

0 0 


CHs 


II 


CO 2 H 


Bom’s formula for such simplified models, as rewritten by Lowry, is 

a=3.49- 10-11 2 y 2 [— Al! 1 /?({) 

M (X2^-Xi2)'‘Lx^-Xi 2 X^-Xa^Ji* 


where 

F(0 = 


- ir 


k = 


ie + iY’ ’ I 

d = distance between the two pairs of vibrators in Angstrom units. 

Born, Proc. Roy. Soc. {London)^ A 150 , 84 (1935). 

♦ Born, Proc. Roy. Soc. {London), A 160 , 84 (1935). (Courtesy of publishers.) 
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I = distance between the vibrators in Angstrom units. 
a = rotation in degrees per decimeter, 
p = density. 
n = refractive index. 

M = molecular weight of the substance. 

Xi, X 2 = wave length in Angstrom units of the natural vibrations of the 
two different resonators (NH 2 and H in the example chosen 
by Born). 

/i, /2 = the intensity factors of the two vibrations as defined previously. 


The formula is valid only in a region of transparency and represents the 
sum of two contributions. 

Inasmuch as the formula gives a relation between the sign of rotation 
and the spatial distribution of the vibrators^ the absolute configuration of 
the model is determined. 

Born assigns a dextrorotation to the above model (I); the same 
relation was obtained by Kuhn for dipyruvic erythritol (II). 


PART II. APPLICATION OF ROTATORY DISPERSION MEASUREMENTS TO 
THE CORRELATION OF CHEMICAL STRUCTURE AND OPTICAL ACTIVITY 

The principal interest of organic chemistry in the correlation of 
chemical structure and optical activity lies in the search for connections 
betw(Hm chemical structure and optical activity of substances with 
known configurations. These connections would permit the correlation 
of the configuration of substance's in cases where classical organic chem- 
istry furnishes no adequate method. Such information, if obtained, 
might, in its turn, serve to elucidate the mechanism of certain organic 
reactions. 

Partial Rotations in Homologous Series 

From the discussion of the physical theories of optical rotation, it 
is evident that, in order to obtain adequate information with regard to 
relationship between structure and rotation, it is necessary to compare 
not the rotation of the molecule as a whole but the partial rotations of 
the chromophoric groups. The chemical literature of the past offers 
comparatively little material for such comparisons because organic 
chemists were not aware of the importance of such investigations. 
Another reason is the lack, until recent years, of suitable instruments 
and of suitable material on which such studies could be carried out. 
Indeed, in the opening address of the symposium on “ Optical Rotatory 
Power '' of the Faraday Society in 1914, Armstrong states, '' In the 

Armstrong, Tram. Faraday Soc.y 10, 44 (1914). 
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past, apparently, workers have dealt too much with substances such as 
tartrates which presumably can occur in more than one form. In the 
future we must deal more with substances of known configuration which 
are not subject to change, if there be such — if we are to solve problems 
such as have been stated by Crum Brown and by Guye and correlate 
rotatory power with structure.” 

No one at the symposium of 1914 pointed out the significance of the 
partial rotation. Yet that concept was even then not new. Drude, 
Cotton, and Tschugaeff had emphasized its significance, but little appli- 
cation of it in organic chemistry was made save by Lowry, until the 
appearance of the publication by W. Kuhn in 1930. 

The present chapter will be limited to the discussion of only those 
investigations which meet the following requirements: 

1. The active substances have one asymmetric carbon atom. 

2. The rotatory dispersion curves are known over a wave-length 
interval broad enough to permit an estimate of the partial rotations. 

All the substances to be discussed can be expressed by the general 
formula, 

(CH2)niCH3 wi, n 2 , n 3 = 0 or an integer 

H C (CH2)n2R2 R2 = CH3 or a functional group 

(CH 2 )n 3 R 3 R 3 = CH 3 or z^o-CsHz, CoHu or C 0 H 5 

I 


Normal Aliphatic Series 

All substances to be discussed in this chapter can be regarded as 
derived from the normal aliphatic hydrocarbons and alcohols, by sub- 
stitution of R 2 or Rs. Hence the dispersion curves of these latter sub- 
stances may likewise be regarded as reference curves. 

Hydrocarbons. The substances of this group may be regarded as 
the most homogeneous from the viewpoint of their chromophoric prop- 
erties. The asymmetry of the molecules is produced exclusively by the 
differences in the length of the carbon chains in the individual groups. 
The systems of the absorption bands of the radicals are likewise condi- 
tioned by the differences in the length of the chain, and are therefore 
closely analogous. 

Ri 

1 

H C R 2 Ri > R 2 R 3 

R3 

Dextro 
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When the dispersion curve of a hydrocarbon ^ 3 of the above type is 
expressed by a one-term Drude formula, the dispersion constant found 
(Xo — 1600 to 1700 A) is nearer to the visible region than the first 
absorption band of an alkyl group. It may then be inferred that the 
rotatory dispersion curve is the resultant of two rotatory components 
of opposite sign, the rotation in the visible region being determined by 
the heaviest group. Indeed, when R 2 > Ri, the rotation of the above 
hydrocarbon is levo. 

Alcohols. Interest in the optical activity of alcohols was stimulated 
by the work of Pickard and Kenyon,^"* who in 1911 developed a method 
for the resolution of secondary carbinols and thus made available for 
investigation a large group of S 3 mthetic substances. 

Rotatory dispersion measurements, taken first in the visible region 
and recently extended into the ultra-violet,^*^ have shown that the 
distance of the hydroxyl group from the asymmetric carbon atom, as 
well as the structure of the alkyl groups of the rest of the molecule, 
produced marked effects on the dispersive power of the alcohols. For 
all alcohols, the first absorption region (X ^ 1800 A) seems to possess 
very little or no activity. For example, the high dispersion constant 
found for amyl alcohol (Xo ^ 1850 A) for a one-term formula from 
measurements in the visible region does not mean that the first absorp- 
tion region is active, as can be seen from the dispersion in the ultra- 
violet. (See p. 1800, Case 3.) 

To Pickard and Kenyon belongs also the credit for first observing 
anomalous dispersion in simple substances with one asymmetric center.* 

Most striking were the observations on the rotatory dispersion of 
dextro-octsinolA (propylbutylcarbinol). It was known that this carbinol 
rotated in the same direction as the lower members homologous with 
rc'spect to rii but was levorotatory in ether. 

As previously stated, such a phenomenon indicated anomalous dis- 
persion in one of the tw^o states. The analysis of the dispersion curves 
disclosed that the dispersion was normal in ether and anomalous in the 
homogeneous state. Therefore the first active absorption region of this 
dex^ro-carbinol furnishes a levorotatory partial contribution. Since in 


Levene and Rothen, unpublished results. 

Pickard and Kenyon, J. Chem. Soc., 99 , 45 (1911). 

Levene and Rothen, J. Biol. Chem., 116 , 209 (1936). 

Pickard and Kenyon, J. Chem. Soc., 106 , 830 (1914). 

So strong at the time was the belief that the cause of anomalous dispersion was the 
presence in the medium of two molecular species that Pickard and Kenyon gave the follow- 
ing explanation to their observations: “The specific rotatory powers of these (esters) can 
be correlated on the assumption that each ester is a mixture of two isomerides which have 
rotatory powers of opposite sign and different dispersive powers.” 
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homologous series the direction of rotation of corresponding chromo- 
phoric regions remains unchanged, the dispersion of the lower homolo- 
gous members must also be anomalous, but their first partial rotation 
must be small compared to the partial rotation associated with the 
absorption bands of higher frequencies. Other facts also substantiate 
this conclusion. 

Kenyon and Barnes prepared a series of ethers from dexiro- 
nonanol-3 (from methyl up to nonyl ether). With the exception of the 
methyl ether, all the ethers were dextrorotatory. The dextro ethers 
exhibited typical anomalous dispersion, whereas the dispersion of the 
methyl ether was normal, the two corresponding partial contributions 
being of the same sign as in the higher ethers. It is legitimate to assume 
that what holds for the ethers also holds for the corresponding carbinols, 
inasmuch as the substitution of an alkyl group for a hydrogen atom does 
not introduce into the molecule a group having an absorption band in 
the longer-wave-length region. 

Influence of Chromophoric Groups of Non-polar Character 
(Effect of Distance from the Asymmetric Center) 

In the present section will be discussed the effect brought about 
when R 2 represents an isopropyl, phenyl, cyclohexyl, or ethylenic group. 
Such substances offer an opportunity to compare the partial rotation of 
the chromophoric group as a function of n 2 . The change of the rotation 
with the increase of the distance of the chromophoric group from the 
asymmetric carbon atom is a striking phenomenon. This effect has 
been pointed out by Tschugaeff^® and by Rupe,^'^^ but all they noted 
was a gradual rise or drop in the rotation of consecutive members until 
a constant value was finally reached. 

Effect of the Isopropyl Group. The effect of a group on the total 
molecular rotation is two-fold: on the one hand, it introduces a partial 
rotation of its own; on the other hand, by its vicinal influence it may 
change the? partial rotation of the other groups. The simplest change 
that can be produced in a hydrocarbon is the substitution of an isopropyl 
for a propyl group. Taking a series of hydrocarbons of the type 
CH3 

I 

H — C — (CH 2 )„ 2 CH 3 homologous with respect to 112 , the member with 

C3H7 

Kenyon and Barnes, ibid., 126 , 1395 (1924). 

Tschugaeff, Trans. Faraday Soc.^ 10 , 70 (1914). 

29 Rupe, ibid., 10 , 46 (1914). 

^ Levene and Rothen, J. Org. Chem., 1 , 76 (1936). 
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712 = 2 has a zero rotation, and the direction of the member having 
7 i 2 = 3 is of opposite sign to that of the first member. Yet in all 
members the rotatory dispersion remains normal. If, however, the 
isopropyl group is substituted for the propyl, all members of the new 
series rotate in the direction opposite to that of the lowest members of 
the normal series, the reason being that in the first series the direction 
of rotation is determined principally by the clockwise or counterclock- 
wise arrangement of the groups according to their volume, whereas in 
the second some other factors influence the direction of rotation 
(Table I). In the case of hydrocarbons there may be reason to assume 
that the direction of rotation in the visible region is actually due to th(i 
partial rotation of the isopropyl group. 

In the secondary alcohols the substitution of an isopropyl for a 
propyl group produces a similar effect on the rotation in the visible 
region. From Table II it can be seen that a rotatory contribution of 
opposite sign to the rotation of the lower members of the propyl series 
is introduced in the isopropyl alcohols. The rotatory dispersion of the 
members of the two groups of substances likewise seems very similar. 
Thus, for methylisopropylpropylmethane, Xo = 1700 A (obtained by a 
one-tenn Drude formula) which is similar to the Xo values obtained for 
normal aliphatic hydrocarbons. The dispersion constants calculated 
by a one-term Drude formula from measurements in the visible region 
are Xo = 1820 A for methylisopropylcarbinol, and Xo = 1650 A for 
propylisopropylcarbinol. Two Drude terms of opposite sign (p. 1800, 
Case 3) have to be used to represent the rotary dispersion of these 
two substances from the visible down to X = 2400 A. The disper- 
sion constant of the first term is the same for both compounds 
(Xi 1480 A). Whether the effect of the isopropyl group in these 
alcohols is due to its vicinal effect or to its own partial contribution, can- 
not be stated definitely as yet. However, as will be seen later, the 
effect of the isopropyl group in carboxylic acids is definitely vicinal. 

The vicinal action of the isopropyl group is particularly striking in 
l-bromo-2,3-dimethylbutane (methylisopropylbromoethane) and the 
corresponding iodo derivative. These compounds show a normal 
dispersion, whereas the course of the dispersion is anomalous in the 
corresponding members of the normal series. The dispersion constant 
of methylisopropylbromoethane (Xo = 1800 A) indicates that the 
absorption region of the bromine conditions the rotation in the visible, 
whereas in the normal series the corresponding band furnishes a partial 
rotation of opposite direction from that of the rotation in the visible 
region. The value of Xo (Xo — 1900 A) for the iodo derivative shows 
that the first absorption band furnishes a negligible contribution. Thus 



TABLE I 

Configurationally Related Hydrocarbons Containing an Isopropyl, Isobutyl, or Isoamyl Group 
^ [M^ max. (homogeneous) 
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TABLE II 


Secondary Carbinols Containing an Isopropyl or Isobutyl Group 

max. (homogeneous) 


— (CH2)2CH, 

,CHa 
— dH 
\CH, 

— (CH2)aCHa 

/CHa 

— CH2— CH 

"^CH3 

CHs 

1 

CHa 

1 

CHa 

1 

CHa 

1 

H-C -Oil 

1 

n-c--OH 

1 

H-C-OH 

1 

H-C--OH 

1 

C,H, (n) 

C3H7 (iso) 

C4H, (n) 

C4H9 (iso) 

-hl2.1 

+ 4.7 

+ 11.8 

+ 21.1 (?) 

C 2 H 6 

1 

CaHa 

1 

C 2 H 5 

C 2 II 5 

1 

H--C-OH 

1 

n--c--OH 

1 

h..(!:-.oh 

1 

H-C.-OH 

1 

CaH: {n) 

C3H7 (iso) 

CaH, (n) 

C4H9 (iso) 

-f4.2 

-16.7 

+0.4 

+24.6 

Cal-Ia in) 

I 

CaHr («) 

1 

C 3 II 7 (^0 

1 

Call, in) 

1 

H-C-OH 

1 

H--C- -OH 

1 

H--i--OH 

C3H7 (n) 

Call 7 (iso) 

CaHa in) 

64 H 9 (iso) 

0 

-27.1 

+0.95 

+ 16.3 

CJI, (n) 

C,H, (n) 

1 

CJH (/() 

[ 

CaHa (n) 

1 

H--C-OH 

1 

H-C-OH 

1 

H-C-OH 

, 1 

H-.i-.OH 

1 

C3H7 (n) 

C3H7 (iso) 

C4H9 (n) 

C4H9 (iso) 

-0.95 

-35.9 

0 

+ 13.8 

CJIii (n) 

1 

CaHu (n) 

1 

CJIn (^0 

1 

C 6 H 11 ( 11 ) 

H OH 

H -C--OH 

H--C-OH 

1 

H--C--OH 

1 

1 

Call, (n) 

1 

CaHa (iso) 

C4H9 (n) 

C4H9 (iso) 

levo 

- 38.2 

levo 

+ 11.3 


the events in the isopropyl series are significant in demonstrating how 
small chang(‘s in molecular structure may produce very significant effects 
on the anisotropy of the low frequency bands. 

As can be seen from Table I, when R 3 is an isopropyl group, the 
rotation of the hydrocarbons homologous with respect to 713 changes 
sign when ns is changed from 0 to 1. In both series the absolute rota- 
tions are enhanced by the substitution of an isopropyl group for a propyl 
group. When ns = 2 the specific effect of the isopropyl group is very small. 
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This conclusion is best illustrated by the fact that for methylamyliso- 
amylmethane, [Mf^ max. = — 0.2°. The effect of the distance of the 
isopropyl group from the asymmetric center in carbinols is similar to that 
in hydrocarbons, as can be seen from Table 77. 

The specific effect of the isopropyl group is exhausted at a compara- 
tively short distance from the asymmetric center. 

Effect of Phenyl and Cyclohexyl Groups. A great deal of very 
valuable work on the effect of the phenyl group has been done in the 
past by Haller, by Hilditch, and by Rupe. The earlier work was limited 
to the rotation in the visible spectrum and could yield no clue to the 
question of the partial rotations of the individual groups. An extensive 
investigation into the effects of substitution of a cyclohexyl or phenyl 
group for a hexyl group was made recently by Kuhn and Biller. ^ ^ The 
authors studied the dispersion curves of nitrites, acetates, carbomethoxy 
derivatives, and phthalates. It was found that the absorption band 
at X = 2600 1 was not anisotropic for most derivatives. A decision 
as to the vicinal effect of each of the three groups (CoHia, CeHn, and 
CgHs) was reached by Kuhn and Biller by a comparison of the rotations 
and the rotatory dispersions of several derivatives mentioned above. 
The results are presented in Table III. In all three series the shift of 
rotation on passing from the carbinols to the derivatives is in the same 
direction. Inasmuch as the configurations of two of the three carbinols 
had been correlated by Levene and Stevens, the authors concluded 
that the three radicals exerted a similar vicinal effect, and that hexyl- 
cyclohexylcarbinol should be optically inactive. They suggested 
further that the partial rotations of the hexyl, cyclohexyl, and phenyl 
groups have the same sign. 

However, recent results do not fall completely in line with the con- 
clusions of Kuhn and Biller. It may be stated here that observations 
limited to a single member of a homologous series do not always reveal 
the whole truth about the partial contribution of each individual chromo- 
phoric group, particularly when the active absorption bands are located 
in the more distant ultra-violet region. The rotations of the members 
of the homologous series of cyclohexyl carbinols (see Table IV) bear a 
striking resemblance to those of the members of the isopropyl series. 
It may be assumed, therefore, that hexylcyclohexylcarbinol will be opti- 
cally active, and not inactive, as predicted by Kuhn and Biller. True, 
the two predictions have not, as yet, been tested experimentally. How- 
ever, Levene and Harris^ ^ have shown that methyl-n-octyl-/3-cyclohexyl- 

Kuhn and Biller, Z. physik. Chem., B 29, 1 (1935). 

*2 Levene and Stevens, J. Biol. Chem., 89, 471 (1930). 

Levene and Harris, ibid.. Ill, 735 (1935). 
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ethyl-methane has a maximum molecular rotation [M]^^ ^ 5,2 In the 
isopropyl hydrocarbon having ns = 2, (2,5-dimethyldecane) [M]d = —0.2® 
as was stated earlier. 


TABLE III 


CH, 

[MId H— <!^-0H 

R 

R 

Alcohol 

Phthalic 

Ester 

Carbo- 

methoxy 

Deriva- 

tive 

Nitrite 

Acetate 

Methyl-w-hexylcarbinol . . . 
Methylcyclohexylcarbinol. . 
Methylphenylcarbinol 

C.Hu 

C,Hn 

C.H. 

+ 12.7 
+7.4 
-52.0 

+ 133.7 
+ 150.0 
+ 110.0 


+8.8 

-9.8 

-75.3 

+ 11.0 
-5.4 
-183.0 

-6.1 

-169.7 


TABLE IV 

Maximum Molecular Rotations of Cyclohexylcarbinols [MJd 


CHs 

1 

CiHs 

1 

C,H, (n) 

C,H, (n) 

1 

H--C-OH 

1 

1 

H-dl-OH 

1 

CJI.I 

C.Hu 

coin 

caiu 

+6.6 

-11.6 

-17.0 

-21.9 


The effect of the phenyl group in the secondary carbinols resembles 
that of the cyclohexyl group, except that it is more pronounced. (See 
Table V.) The probability is that the partial rotation of the phenyl 
group, rather than that of the hydroxyl group, determines the rotation 
of the carbinols in the visible region. The Xo value found from rotatory 
dispersion measurements (Xo 2070 A) for methylphenylcarbinol 
makes it improbable that the rotation in the visible region is the resultant 
of the partial contribution of the hydroxyl group. The periodicity in 
the shift of rotation on the progressive increase of ns is also in agreement 
with this view. The dispersion of alcohols containing a phenyl group 
illustrates the difficulty encountered in interpreting the meaning of a 
dispersion curve when the two significant chromophoric groups possess 
absorption bands of approximately the same frequency, located at an 
appreciable distance from the visible region. 

Conclusion. A comparison of observations on the substitution of an 
isopropyl group for a propyl, or of a cyclohexyl or a phenyl group for a 
hexyl, reveals that the effects of the three substituents are similar. 

The Influence of an Ethylenic Linkage. The state of affairs on this 
question until 1914 is best summarized by Rupe^^ in his address at the 
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symposium of the Faraday Society by the statement, The presence of 
unsaturation leads to an irregularity in the rotatory effect, and not 
necessarily to an increased rotation.” 

The situation remained unaltered until recent years when a sufficient 
number of observations had accumulated on substances with one 
asymmetric center having the ethylenic group directly connected with 
the asymmetric carbon. 

The rotations of a number of unsaturated carbinols and the corre- 
sponding saturated carbinols are given in Table VI 3^. The signifi- 
cant feature of the table is that the rotations of the unsaturated carbinols 
are opposite in sign to those of the saturated carbinols in all cases in 
which the ethylenic group is situated in the smaller alkyl group, but the 
rotation remains of the same sign when the ethylenic group is situated 
in the larger alkyl group. 

This change in the rotation of the molecule as a whole is associated 
with the change of the partial rotation .of the ethylenic group. This 
conclusion emerges clearly from analysis of the rotatory dispersion 
curves of these substances, which, by virtue of the positions of their 
chromophoric group, permits one to extend the observations to sufficient 
proximity to the absorption band and thus to obtain definite information 
as to the direction of the partial rotation of the double bond. 


TABLE VI 

Configurationally Related Carbinols Containing a Double Bond 
[MId max. (homogeneous) 


C,H 7 

I 

C.H, 

1 

C.H, 

1 

CH, 

1 

CH, 

1 

CH, 

t 

H-C-OH 

H-C-OH 

H-C-OH 

1 

H-C-OH 

1 

H--C--OH 

1 

H-C-OH 

1 

in 

^H 

^H 

II 

in 

II 

CH 2 

1 

(CH 7 ), 

(!Ih, 

<!Ih, 

(tin 

1 

(^H 

1 

(^H 

II 

djH 

II 

1 


CH, 

CHs 

in, 


+28.2 

+28.5 

+9.8 

dextro 

+ 4.7 

+17.2 

1 

i 

i 

i k 

/ 

i 

C,H, 

1 

C.H, 

1 

C 4 H, 

1 

CHs 

1 


CH, 

1 

H-C-OH 

1 

H-C-OH 

1 

H-C-OH 

1 

H-C-OH 

1 


H-C-OH 

1 

CjH. 

CtH, 

C,H, 

C,H7 


C 4 H, 

-4.2 

-9.4 

-0.96 

■4-12.1 


+11.8 


** Levene and Haller, ibid., 83, 579 (1929). 
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Influence of Chromophoric Groups of Polar Character 
(R2 IN THE General Formula) 

[Effect of Distance from the Asymmetric Center (Value of n ^] 


Two categories of substances will be discussed in this section. To 
the first category belong substances in which the configurations of all 
members homologous with respect to n2 can be correlated by methods of 



Fio. 8.* — Examples of the most characteristic dispersion curves of aliphatic acids 
and esters. Circles represent experimental values; solid squares, calculated values. 


classical organic chemistry; to the second belong those whose configura- 
tions can be correlated only when n2 > 0. 

First Category. The changes in direction of the partial rotations 
of chromophoric groups with the increase of n2 = 0 to n2 = 1, cannot be 
explained on the basis of any theoretical models, even the most recent 
ones, advanced for the explanation of the mechanism of optical rotation. 

♦ Levene, Rothen, and Marker, /. Chem . Phy %., 1, 662 (1933). (Courtesy of pub- 
lishers.) 
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In many instances there is observed a periodic change in the shift of 
rotation in the visible region with the progressive increase in the value 
of 712. In other cases the periodicity comes to light only when the 
partial rotation of the chromophoric group is considered. 

Aliphatic Carboxylic Acids. Table VII gives the rotations of 
several series of aliphatic acids, and their dispersion curves are repre- 
sented in Fig. 8. The rotary dispersion curves of disubstituted acetic 
acids can be expressed, for all members, by a one-term Drude formula 
having Xo = 1850 A. This value indicates that the first absorption 
band of the CO 2 H group at 2050 A displays a negligible Cotton effect. 



Fig. 9.* — Dispersions of two compounds exhibiting typical abnormality. Circles 
represent experimental values; solid squares, values calculated from a two-Drude- 

term formula. 


Disubstituted propionic acids^^ (n 2 = 1) present a clear case of a 
series homologous with respect to uz in which the members differ as to 
the sign of their rotation in the visible region, but where the first and the 
second partial rotations remain of the same sign in all members of the 
series. Thus, the first member of the series is dextrorotatory, and its 
dispersion curve is anomalous, and can be expressed by the two-term 
Drude formula. 




8.088 11.63 

X2 - 0.042 X2 - 0.034 


♦ Levene, Rothen, and Marker, J. Chem. Phya., 1, 662 (1933). (Courtesy of pub- 
lishers.) 
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The other members have a rotation of opposite sign and exhibit a 
normal dispersion curve. Fig. 9 represents the dispersion of the first 
member of the series. In Table VIII are summarized the directions of 
the two partial rotations of the aliphatic carboxylic acids. The second 
partial rotation is probably furnished in the main by the carboxyl group. 
This consideration would lead to the conclusion that the sum of the 
two rotatory components of the carboxyl group changes sign on passing 
from the member having n 2 = 0 to that having n 2 = 1. 

When the isopropyl group is substituted in methylpropylacetic acid 
for a propyl group, the resulting acid has the same sign of rotation, but 
the first absorption region (X 2100 A) which is inactive in the first 
acid has become active. The conditions are reversed in the substituted 
propionic acid series where the first band at X 2100 A is active in 
the normal derivatives, whereas in the isopropyl series it is inactive and 
the dispersion of the acid is similar to that of the normal acetic acid 
series. The dispersion constants found for methylisobutylacetic acid 

TABLE VIII* 

Rotation in the Visible Region and Partial Rotations in the Series op 
Aliphatic Carboxylic Acids 




Direction of Partial Rotation 

Series 

Rotation in Visible Region j 

2050 A 

1850 A 

Acetic 

dextro 

0 

dextro 

Propionic 

levo (1st member excepted) 

levo 

dextro 

Butyric 

dextro 

levo 

dextro 

Valeric 

dextro 

levo 

dextro 


* The value of the partial rotation of the first absorption band in the member with n 2 = 0 is 
given as zero. It is possible that this band may furnish a small partial rotation which is not accessi- 
ble to measurement. 


(Xo = 1730 A) and for methylisobutylpropionic acid (Xo = 2100 A) 
show that these acids have the same dispersion as the corresponding 
acids of the normal series. 

Phenyl Carboxylic Acids. The maximum molecular rotation of the 
acids of the aliphatic series is so small that their periodic variations 
as a function of may seem dubious when n 2 > 1. It is therefore 
important to note that a phenomenon, similar but much accentuated and 
clear beyond dispute, can be observed in acids containing a phenyl 
group. (See Table IX.) In the phenyl acids, as in the secondary 
phenyl carbinols, the absorption bands at X ~ 2600 A are iri<a,ctive. 
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♦ Fw ^ these phenyl addst the first absorption region (X 2700 to X 2500) is inactive. 
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In all cases the dispersion can be expressed by two terms of opposite 
sign, the first term originating apparently in the carboxyl group. 

The change in sign of rotation on passing from 112 = 0 to 712 = 1 in 
these series is due to change in sign of the partial rotation of the first con- 
tribution. For example, ethylphenylacetic and propylphenylpropionic 
acids have opposite rotation but exhibit the same type of dispersion 
(Xo 2300 A for a single-term formula). In the phenyl series having 

5000 4000 3000 2500"^ ^ 2000A 


0 

[M] 

-2000 

-4000 

-6000 

-8000 

10000 

-12000 


20 24 28 32 36 40 44 48 

1/X* lO”®* ^ 

Fig. 10.* — Rotatory dispersion and absorption of ieuo-ethyl mandelate in alcohol 

(Kuhn and Biller). 

ni = 0 and ns = 2, the rotatory dispersion was measured in four mem- 
bers; for the member having n 2 = 0, Xo = 21()oA; no = 1, Xo = 2300 A; 
n 2 = 2, Xo = 2400 A; and n 2 = 3, Xo = 2600-2700 A (from measure- 
nients in the visible region). In the last case the dispersion curve has a 
strong curvature and cannot be expressed even for the visible region by 
a single term. These values show that with progressive increase in n 2 
there is a progressive increase in the dispersive power of the substances, 
the values of the two partial rotations coming nearer together. 

The dispersion curves of 2-cyclohexylpropionic and 3-cyclohexyl- 
butyric acids present dear evidence that here the rotation in the visible 

* Kuhn and Biller, Z. physik, Chem., B M, 1 (1935). (Courtesy of publishers.) 
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region is determined by the partial rotation of the carboxyl group. The 
dispersion constants for 2-cyclohexylpropionic acid are Xo = 2170 A. for 
a one-term formula (valid in the visible region) and Xi = 1900 A, 
X 2 = 1400 A for a two-term formula (vahd for visible and ultra-violet 
regions). 

In contrast to the acids discussed above stands hydroxyphenylacetio 
(mandelic) acid.^^ The dispersion and absorption curves of the ethyl 
ester of this acid may be seen in Fig. 10. The first absorption of the 



X in A 

Fig. 11.* — Rotatoiy dispersion of two configurationally related aldehydes. 

phenyl group is anisotropic and furnishes the major contribution to the 
rotation of the substance in the visible region. Thus the introduction 
of an hydroxyl in place of a methyl group in disubstituted acetic acid 
entirely changes the optical properties of the molecule. 

Aldehydes. Analysis of this group of substances is simpler, owing 
to the position and the properties of the absorption bands of the alde- 
hydic group. The first band at X 2950 A is weak (e ^ 20), well isolated, 


* Levene and Rothen, J. Chem. Phya.t 4. 48 (1936). (Courtesy of publishers.) 
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and free from overlapping, thus permitting calculation of its partial 
rotation from the experimental dispersion curve within the region of 
the absorption band. Indeed, Lowry used with advantage optically 
active aldehydes for the analysis of the course of dispersion within and 
without a given absorption band. 

From Table it can be seen that the direction of rotation in the 
visible region changes on passing from n 2 = 0 to n 2 = 1. It can be 
seen from Fig. 11 that the change is actually due to the reversal of the 
partial rotation of the aldehydic group. In Fig. 12 are given the 



3500 3300, 3100 2900 2700^ 2500 2300 2100 1900 

X in A 

Fig. 12.* — Absorption curves of aliphatic aldehydes. 

absorption curves of some aliphatic aldehydes; the curves are prac- 
tically identical for the four members of the series, whereas the curves 
of the rotatory dispersion of the first two members are pretty nearly 
mirror images. 

Hudson, Wolfrom, and Lowry, J. Chem. Soc., 1179 (1933). 

Levene and Rothen, /. Chem, Pkye,, 4 , 48 (1936). 

* Levene and Rothen, /. Chem, Phya., 4 . 48 (1936). (Courtesy of publishers.) 
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TABLE X 

Configurationally Related Aliphatic Aldehydes 
[Aflo max. (in heptane) 


CH, 0 

1 

CHa 0 

JL ^ 

H--C--CH2— C 

CH, 0 

H--C-*(CH2)r~C 

CH, 0 

1 ^ 

H--C--(CH,)r-C 

hta.B. 

+20.3 

-8.7 

+12.0 

+ 12.8 


Comparing the mathematical expression for the dispersion cmves 
of the four substances, as given below (Table XI), it becomes evident 
that there is an unmistakable periodic change in the direction of the 
shifts of the partial rotation of the band X 2950 A with the progressive 
increase in the value of n 2 . 

Conclusion. Comparing the direction of the partial rotation of the 
carboxyl group in aliphatic and phenyl aliphatic acids with the partial 
rotation of the carbonyl group in aldehydes it was found that they were 
of the same sign in members having the same value for 712 . 

TABLE XI 

6.104 

2 -Methylbutanal-l 1 Q 932 

7.569 6.693 

3-Methylpentanal-l [MW. = - 

4.Methylhexanal-l [MS„. = - -^0^6 

0.8158 4.9102 

6 -Methylheptanal-l [MW. = - Z o:o87 + x* - 0.036 

Second Category. The interest of organic chemistry in the 
analysis of the dispersion curves of substances of known configuration 
lay in the promise they offered to formulate a rational basis for corre- 
lating the configuration of substances for which classical organic chem- 
istry did not offer an adequate method. It was therefore of special 
interest to compare the course of events in aliphatic azides and halides. 

Aliphatic Azides. The azido group, — N3, shares many of the 
chemical properties of the halogens and may be regarded as a pseudo- 
halogen. On the other hand, azides are readily reduced to amines. 
Amines, in their turn, from the viewpoint of optical rotation, resemble 
alcohols. For alcohols and amines it is possible to establish the con- 
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figurational relationship between members having 712 = 0 and those 
having 712 > 1 on the basis of adequate indirect methods. Hence it is 
possible to establish such relationships also for the azides. 

It has been accepted by many workers in this field that, from the 
viewpoint of optical rotation, the — N 3 group behaves similarly to a 
halogen. If this were true, the correlation of the configurations of 
secondary halides with those of secondary alcohols would be self-evident. 
Therefore, a comparison of the behavior of azides with respect to pro- 
gressive change in the value of 712 becomes of special interest. In Table 
XII are shown the rotations of configurationally related azides. 

Two absorption regions can be distinguished in the azido group, one 
weak band at X 2880 A and a strong absorption from X 2200 A down. 
Analysis of rotatory dispersion curves revealed the fact that, in the alkyl 
azides thus far examined, no Cotton effect could be detected in the band 


TABLE XII 

Configurationally Related Azides 
[M if) max. (in heptane) 



1 

CH, 

H-i-N, 

CHs 

CH, 

H-dl-CHsCHjN, 

CHa 

H CHsCHjCHjN, 

max. 

(Mp® max. 

+40.0 

12.712 

+10 

3.211 

+26 

8.300 

+17 

5.338 

-0.0296 

-0.03625 

-0.0362 

■*'X2-0.0314 


nearest to the visible region, whereas the more distant absorption regions 
furnish the principal contribution to the rotation in the visible region. 
In the lower members of all series, independent of the value of 712 , the 
dispersion curves are satisfactorily expressed by a one-term formula. 
(See Table XII.) The dispersion of the higher members of the series 
having 712 = 1 and homologous with respect to 713 are anomalous, their 
rotations in the visible region being of opposite direction to those of the 
lower members. 

Halides, New information has been obtained in recent years on 
both absorption and rotatory dispersion of halides. Price has shown 
that the absorption spectra of organic iodides, bromides, and chlorides 
are analogous. With decreasing wave lengths there is found a broad 
region of continuous absorption with a maximum located at X 2600 A 
for the iodides, X 1900 A for the bromides, and X 1720 A for the chlorides. 

Price, ibid,, 4 , 539 (1936). 
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For smaller wave lengths, the absorption may be resolved into lines 
which fit two series of Rydberg. They converge toward two limits 
corresponding to the respective ionization potentials. Rotatory dis- 
persion measurements have been made on a series of configurationally 
related halides. In Table XIII are given the rotations of bromides of 

TABLE XIII 


Configurationally Related Bromides [ M ^ max. (homogeneous) 


CH, 

1 

CHs 

1 

CHa 

j 

CHa 

1 

CH, 

H. •(!:;. -CHaBr 

1 

H--C--(CH2)2Br 

1 

H“C-‘(CH2)aBr 

1 

H*.C--(CH2)4Br 

1 

H*.C--(CH2)aBr 

j 

C.H, 

cai. 

C.H. 

C,H, 

CaH* 

•f7.9 

+38.8 

+21.9 

+14.9 

+14.0 

CHa 

1 

CHa 

1 

CH, 

j 

CHa 

1 


H-.C-CHaBr 

1 

H--C--(CH,) 2 Br 

H.-C--(CH2)8Br 

H*.C*-(CH2)4Br 


C8H7(n) 

(!3.H7(n) 

(!:.H7(n) 

(!:.H7(n) 


low dextro 

+21.0 

+14.5 

+7.8 



1500 


1000 

[M] 

f 500 


5000 4000 3000 2000 A 

X 

Fig. 13.* — Rotatory dispersion and absorption of dea;^ro-2-iodooctane in hexane 

(Kuhn and Biller). 

only two series homologous with respect to n2. Several other series, 
not only of bromides but also of iodides and chlorides, were analyzed, 
inasmuch as each halide has its advantages and disadvantages for the 
study of the dispersive power of halides as a class. A periodicity in the 

♦ Kuhn and Biller, Z. physik, Chem.t B 29, 256 (1935). (Courtesy of publishers.) 
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shift of rotation similar to that in the corresponding azides is observed 
in the members having n 2 = 1, 2, and 3. The members having 
n 2 = 0 are not given in Table XIII because their configuration cannot 
be established by methods of classical organic chemistry and hence their 
configurational relationship will be a matter for separate discussion. 



Measurements of the rotatory dispersion of secondary iodides have 
been reported from two laboratories. Kuhn and Biller^® gave the dis- 
persion curve of 2-iodo6ctane in heptane showing that the first absorp- 

* Levene, Rothen, and Marker, J. Chem. Phya., 4, 442 (1936). (Courtesy of pub- 
lishers.) 

Kuhn and Biller, Z. phyaik. Chem., B 29, 256 (1936). 
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tion band of the iodine furnishes only a very small part of the rotation 
in the visible region (Fig. 13). No detailed record of the measurements 
is given in the paper. 

On the other hand, Levene and Rothen^s^® results are consistent 
with the view that the partial rotation of the first absorption region adds 
materially to the rotation of the substances in the visible region. 



Fig. 15.* — Rotatory dispersion curves of primary halides. The ordinate represents 
the rotations in arbitrary units. The absorption curve of the bromide may be seen 
to the right (shaded surface). 

Absorption curves of primary and secondary iodides are given in 
Fig. 14, and rotatory dispersions of several iodides, bromides, and 
chlorides may be seen in Fig. 15. 

Levene, Rothen, and Marker, J. Chem, Phys., 4 , 442 (1936). 

♦Levene, Rothen, and Marker, J. Chem, Phya., 4 , 442 (1936). (Courtesy of pub- 
lishers.) 
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The mathematical expressions for the maximum rotations of several 
secondary and primary halides are given in Table XIV. In Table XV, 
their relative partial rotations are compared with the relative partial 
rotations of a series of azides which are configurationally related to the 
halides, the members having ng = 0 excepted. 

TABLE XV 


Directions and Relative Values of the Partial Contributions of the Halo- 
gen Atom and Nj Group in Configurationally Related Halides and Azides 



TI2 

0 

1 

2 

3 


First band 

Moderate 

0 

0) 

0 


Second region 

Strong 

- 

++ 

0 

Halides 

Third region 

Weak 

++ 

— 

++ 


Fourth (in the main in 






rest of the molecule) 


? 

? 

- 


First band 
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The relative strength of rotation is indicated by the number of (+) or (--) signs. 


The configurational relationship of azides and halides having 112 = 0 
is not known, and the question is: Can they be correlated on the basis 
of the optical relationship of the primary azides to the primary halides? 
Comparing the configurationally related members it is seen that, in those 
having 712 = 2 or 3 , the nearest optically active absorption region is 
positive and the more distant negative in the azides as well as in the 
halides. When nz = 1 , all halides homologous with respect to na have 
the same sign of rotation and their dispersion curves are anomalous. 
On the other hand, in the azides having n2 = 1 the dispersion curves are 
normal for the lower homologs with respect to na and anomalous for the 
higher members. The sign of rotation of the higher members is opposite 
to that of the lower ones as well as that of the corresponding halides. 
Thus, the assumption that configurationally related azides and halides 
always rotate in the same direction is no longer tenable. The optical 
behavior of the azides, configurationally related to the corresponding 
halides, offers no clue to the correlation of the configurations of secondary 
halides with secondary azides. 
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Correlation of Configurations: a-SuBSTiTUTED Carboxylic Acids 
(Vicinal Effect of Halogeno and of Azido Groups) 

Carboxylic acids were chosen by Kuhn in 1930 for the application 
of his theoretical considerations to the analysis of rotatory dispersion 
curves and for the correlation of the configurations of substances when 
classical organic chemistry offers no adequate method. The a-halogeno 
and a-azido acids offer the advantage that their first absorption regions 
are anisotropic, whereas in the alkyl and aryl derivatives they are either 
entirely inactive or they furnish only a small partial rotation. Sub- 
stances with several absorption bands located at close intervals in the 
spectrum present difficulties in analysis because of the overlapping of 
several partial rotations. 

Of all the a-substituted carboxylic acids, the azido and mercapto 
acids present advantages over the halogeno acids since they permit sig- 
nificant chemical changes in the carboxyl as well as in the azido or in 
the mercapto group without Walden inversion. 

Azido Acids. In Fig. 16 are given the total rotations and absorption 
curve as well as the partial rotations of the N 3 group and of the rest 
of the molecule in the dextro methylester of azidopropionic acid mea- 
sured by Kuhn and Braun. From these curves it can be seen that the 
maximum of the partial rotation of the azido group is located at 
X 3100 A and that the greatest part of the rotation in the visible 
region is furnished by what seems to be the partial contribution of the 
CO2CH3 group. 

Very similar were the results of the measurements of the rotatory 
dispersion of the free dextro acid and of its levo sodium salt obtained by 
Levene and Rothen-^ who found 

2.526 4.710 

[ 3/125 _ 1 

^ ^ _ Q 080 - 0.020 

for the acid. The salt has a normal dispersion which can be expressed 
for the visible region by a one-term formula with Xo = 3160 A. 

Thus in the dextro free acid and its ester, the first partial rotation is 
negative whereas the second is positive and predominates, the dispersion 
in the visible region being anomalous. On the other hand, in the 
dimethylamide of the same acid, both partial rotations are negative, as 
can be seen from Fig. 17. Again, the second partial rotation furnishes 
the greater contribution in the visible region. 

It is of interest to inquire into the effect produced on the partial 
rotation of the carboxyl group by the reduction of the azido to an amino 
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group, and also to compare the direction of the partial rotation of the 
amino group with that of the azido group. Dextrorotatory azido- 
propionic acid leads on reduction to levorotatory alanine, which exhibits 
a normal dispersion. Unfortunately, the absorption bands of the two 


6000 5000 4000 3500 3000 2500 A 



Fig. 16 .* — Dextro methyl ester of azidopropionic acid. 1. Rotatory dispersion in 
hexane. 2. Absorption in hexane. 3. Partial rotation of 2900 A. 4. Differ- 
ence between curves 1 and 3 (Kuhn and Braun). 


chromophoric groups overlap so much that the origin of the first partial 
rotation is very difficult to determine. However, there is sufficient rea- 
son to believe that the partial rotation of the carboxyl group is levorota- 
tory, since the levorotation of the hydrochloride of the amino acid is 


* Kuhn and Braun, Z. phyaik. Chem.f B 8, 281 (1930). (Courtesy of publishers.) 
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greater than that of its sodium salt. Thus the sign of the partial rotation 
of the carboxyl is different in the configurationally related amino and 
azido acids. The direction of the rotatory contribution of CON(CH3)2 
is opposite to that of the CO2CH3 group in the azido acids. 



I I 1 I L-J I 

16 20 24 28 32 36 40 


^-10 ^ 

Fig. 17 .* — Levo dimethylamide of azidopropionic acid. 1. Rotatory dispersion in 
ether. 2. Absorption in ether. 3, Partial rotation of 2900 A. 4. Difference 
between curves 1 and 3 (Kuhn and Braun). 

Mercapto and Sulfonic Acids. In some respects the mercapto 
and the corresponding sulfonic acids are more satisfactory material than 
the azido and the corresponding amino acids. The advantage of these 
series of acids lies in the fact that the sulfonic acids present less doubt 
as to the origin of the first partial rotation than do the amino acids. 

♦Kuhn, Trans. Faraday Soc., 26 , 293 (1930); Kuhn and Braun, Z. physik. Chem., 
B 8, 281 (1930). (Courtesy of publishers.) 
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The absorption curves of the two mercapto acids studied exhibit a 
definite maximum at X 2400 A. This band can safely be attributed to the 
SH group, since 2-mercaptobutane has in the same part of the spectrum 
an absorption band, which, however, is slightly displaced toward higher 
frequencies (as is to be expected), and yet is still in a region of trans- 
parency for a simple aliphatic acid. The absorption curves of the 



Fig. 18.* — Absorption curves of the mercapto acids and their sodium salts. The 
dotted curve is calculated. 

sodium salts are less characteristic owing to the appearance of a strong 
second band (COO“) which overlaps the SH band and masks its 
maximum (see Fig. 18). 

The absorption curves of the sulfonic acids present a characteristic 
maximum at X 2150 A (see Fig. 19). This band is doubtless the first CO 2 H 
band displaced toward lower frequencies by the proximity of CO 2 H to 
SO3H, since an ordinary alkylsulfonic acid (2-methylpropylsuIfonic 

* Levene and Rothen, J, Chem, Phya,^ 2, 681 (1934). (Courtesy of publishers.) 
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acid (1)) has practically no absorption at all in that region and absorbs 
much less than the corresponding aliphatic acid. The absorption curves 
of the sodium salts present a striking difference. The curve is dis- 
placed toward higher frequencies by about 150 A, the maximum of the 
first band can no longer be seen, and a continuous increasing absorption 
is observed as the wave length becomes smaller. The fact that two 



Fia. 19.* — Absorption curves of sulfonic acids and their sodium salts. The dotted 

curve is calculated. 

bands overlapping each other are present and not one broad band is very 
well demonstrated by analysis of both absorption and dispersion curves. 
The striking change in the absorption is brought about by the ionization 
of the CO2H group since the SO3H group is already completely ionized 
in the free acid, as electrometric titration curves have shown. 


* Levene and Rothen, /. Chem, Phya^t 2» 681 (1934). (Courtesy of publishers.) 
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The analysis of the rotatory dispersion of the two mercapto acids led 
to the following values of their rotation: 

Z)«lr^-meroapt„butyric acid Xc-207oA| 

T. ..r,.,,. 28.415 20.140 Xi = 245oAl 

C«<ro.«-mercaptocapro.c X.-212 oA1 


The two respective partial rotations do not change sign in the mono- and 
the disodium salt. 

The measurements of the rotatory dispersion of the two sulfonic 
acids corresponding to the two thio acids led to the following expressions : 


(1) Z)ea;<rp-a-sulfobutyric acid [MY'^ = 


Lez^o-disodium salt [MY^ = — 

(2) Leyo-a-sulfocaproic acid {MY^ = 
Levchdisodinm salt [MY^ = — 


3.0656 



2.1733 

X^ - 0.045 



- 0.030 

36.0395 

t 


28.640 

X2 - 0.041 



- 0.037 

3.0626 



6.5309 

X2 - 0.0462 


X2 

- 0.007 

37.437 

1 

21.271 

X2 - 0.042 


X2 

- 0.037 


Thus on passing from the mercapto acids to the sulfonic acids the 
partial rotations of the carboxyl groups change sign just as on passing 
from azido to amino acids. 

On the other hand, in the disodium salts of the sulfonic acids the 
conditions are reversed and the partial rotations of the carboxyl groups 
have the sign which they had in the thio acids. 

a-Halogeno Acids. It was shown in the section on alkyl halides and 
azides that the configuration of these substances cannot be correlated 
on the basis of the direction of the partial rotation of the halogen atom 
and of the azido group, inasmuch as in substances of known configura- 
tion, depending on their structure, the halogen atom furnished a partial 
rotation of the same sign as, or of opposite sign from, that of the azido 
group. It was important to see whether a-halogeno- and a-azidocar- 
boxylic acids would present less difficulty in the correlation of their 
configurations on the basis of the analysis of their rotatory dispersions, 
for it is possible to correlate the configurations of the alkyl halides with 
those of the a-halogeno acids and of alkyl azides with the corresponding 
a-azidocarboxylic acids. Hence, the solving of one problem would 
simultaneously solve the others. 
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a-Iodopropionic Acid. The free acid, its salt, the ethyl ester, and 
dimethylamide have been analyzed. In Fig. 20 are shown the absorp- 
tion curves of iodopropionic acid and of its sodium salt. The dispersion 
curve of the dextrorotatory acid can be represented by the expression: 


[M]25 = 


26.379 
X2 - 0.0806 


13.687 
X2 - 0.042 



I I I I 

3600 3400 3200 3000 2800 2600 2400 2200 


X in A 

Fig. 20.* — Absorption curves of a-iodopropionic acid and its sodium salt. 


This equation indicates that in the dextrorotatory acid the long- 
wave-length absorption band of the iodine atom determines the rotation 
in the visible region and that the partial rotation of the carboxyl group 
is levorotatory. 

The dispersion curve of the salt is anomalous, the negative partial 
rotation (probably of the carboxyl) being dominant in the visible region. 

Fig. 21 shows the absorption and dispersion of the configurationally 
related dextro ester and levo dimethylamide.^® It may be concluded 
that in the ester the rotation in the visible region is determined princi- 

* Levene and Rothen, J. Biol. Chem., 107 , 533 (1934). (Courtesy of publishers.) 



1836 


ORGANIC CHEMISTRY 


pally by the iodine atom, even though it seems that the first absorption 
region of the iodine atom is only slightly anisotropic. The dispersion 
curve of the dimethylamide is anomalous. 

From this it follows that in all derivatives of deiiro-iodopropionic 
acid the partial contribution of the iodine atom remains dextrorotatory. 



Fia. 21.* — (1) Absorption and (2) dispersion of dextro methyl ester of iodopropionic 
acid in hexane. (3) Dispersion of leva dimethylamide of iodopropionic acid in 

hexane (Kuhn and Biller). 


Thus the conditions in the dea:^ro-azido- and in the d^a^iro-iodopropionic 
acids are similar in one respect, namely, in both, the direction of the 
partial rotation of the first absorption band remains unaffected by chem- 
ical changes in the carboxyl group. They differ, however, with respect 
to the direction of the partial rotation of the first absorption band, which 
is levorotatory in the azido group, and dextrorotatory in the halogeno 
acids. 


♦ Kuhn and Biller, Z, physik. Chem., B 29, 256 (1935). (Courtesy of publishers.) 
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a-Bromocarboxylic Adds. The absorption and dispersion curves of 
the ethyl ester of a-bromopropionic acid made by Kuhn are given in 
Fig. 22. From these curves it can be seen that the direction of rotation 
of the ester in the visible region is determined by the partial rotation of 
the bromine atom and that the rotatory contribution of the — CO2C2H5 
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Fig. 22 .* — Dextro ethyl ester of bromopropionic acid. 1. Rotatory dispersion in 
hexane. 2. Absorption in hexane. 3. Partial rotation of bromine. 4. Difference 
between curves 1 and 3 (Kuhn and Braun). 

group is of opposite sign to that of the halogen, the conditions resembling 
those prevailing in the ester of the corresponding iodo acid. 

The dispersion of a-bromopropionic acid^^ in heptane can be 
expressed by the equation 




37.3417 
X2 - 0.053 


28.544 
X2 - 0.042 


for X >0.3190 
Xi = 2300l 


and 


X2 = 0.2050 k 


* Kuhn and Braun, Z. phyaik. Chem., B 8, 281 (1930). (Courtesy of publishers.) 
“ Levene and Rothen, J. Biol, Chem., 107. 633 (1934). 
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and that of a-bromocaproic acid by the equation: 

[M]25 = 0 Xi=234oA and X 2 = 2000A 

^ ^ X2 - 0.0547 X2 - 0.042 

The absorption curves of these two free acids and of their salts are 
given in Fig. 23. 

The sodium salt of a-bromopropionic acid has a rotation opposite 
to that of the free acid and also to that of the salt of a-bromocaproic 



Fig. 23.* — Absorption curves of a-bromopropionic and a-bromocaproic acids and 

their sodium salts. 

acid. The dispersion curve of the salt of the lower homolog is normal 
and that of the salt of the higher homolog is anomalous. Hence, the 
direction of rotation of the first two partial rotations changes sign in 
passing from the acids to the salts. In that respect the bromo acids are 
different from the iodo acids. 

a-Chloropropionic A odd. The chloro derivatives offer advantages 
over the other halogeno derivatives by their greater transparency, which 
permits measurements of optical rotation to be extended into the more 


* Levene and Rothen, J» Biol. Chem., 107, 533 (1934). (Courtesy of publishers.) 
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distant ultra-violet region of the spectrum. Figs. 24 and 25 represent 
the record of absorption and rotatory dispersion measurements made 
by Kuhn and Wolf on the dextro methyl ester and the configurationally 
related levo dimethylamide of a-chloropropionic acid. 

The partial rotation of the chlorine atom is dextrorotatory, and the 
partial rotation of the CO2C2H5 group and of the CON(CH3)2 group 

6000 5000 4000 3500 3000 2500 2000 A 




Fig. 24.* — Dextro methyl ester of chloropropionic acid. 1. Rotatory dispersion in 
hexane. 2. Absorption in hexane. 3. Partial rotation of chlorine. 4. Difference 
between curves 1 and 3 (Kuhn, Freudenberg, and Wolf). 


is negative in both cases. The difference in the direction of rotation in 
the visible region is due entirely to the relative values of the partial 
rotations of the CO2C2H5 and of the CON(CH 3)2 group. 

In Table XVI are summarized qualitatively the data obtained from 
the analysis of the substances discussed in this section. Before analyz- 

* Kuhn, Freudenberg, and Wolf, Ber., 63 , 2367 (1930). (Courtesy of publishers.) 
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ing the table it should be emphasized that in this group of subst^^nces 
the weak bands of the substituents are anisotropic, whereas, as was 
seen earlier, these bands in the alkyl derivatives are generally either not 
coupled at all or coupled feebly. The table reveals one property com- 
mon to all the substances, namely, the partial rotation of the chromo- 
phoric group in the region of the longest wave length remains constant 
regardless of the changes introduced in the carboxyl group. There are 



Fig. 25.* — Levo dimethylamide of chloropropionic acid. 1. Rotatory dispersion in 
hexane. 2. Absorption in hexane. 3. Partial rotation of chlorine. 4. Difference 
between curves 1 and 3 (Kuhn, Freudenberg, and Wolf). 

two exceptions: the a-bromo- and a-sulfonic acids in which both partial 
contributions change sign on passing from the acids to the salts. The 
direction of rotation of the second partial rotation likewise remains 
constant in the majority of substances with the exception of the 
dimethylamides of the azido acids. 

All the halogeno acids are configurationally related. The configu- 
rational relationship of the azido and of the thio acids to the halogeno 
acids cannot be correlated by methods of classical organic chemistry. 
It is known that the azido group chemically and electrochemically resem- 
bles a halogen atom and may be regarded as a pseudohalogen. It has 


♦Kuhn, Freudenberg, and Wolf, J5er., 63, 2367 (1930). (Courtesy of publishers.) 
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No meaaurements were made on the free acid, Direction of partial rotations assumed by analogy with the ethyl ester. 
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therefore been accepted that configurationally related halides and azides 
rotate in the same direction. Is this assumption well founded? 

Among the configurationally related alkyl halides and azides, as has 
been seen, are found some substances for which this assumption holds 
and others for which it is not valid. Thus, the assumption that a-azido- 
carboxylic and a-halogenocarboxyUc acids rotate in the same direction 
may be right or wrong. To furnish irrefutable evidence based on 
rotatory dispersion measurements in favor of or against this assumption 
is for the present impossible. This statement sounds rather discourag- 
ing. It must be borne in mind, however, that our knowledge of the 
structure of the absorption bands in organic molecules is still imperfect. 
As yet, measurements of rotatory dispersion are seldom made beyond 
the first absorption region, and the conclusion as to the origin of the 
second major rotatory contribution is often uncertain because of the 
overlapping of absorption bands originating in different parts of the 
molecule. Future knowledge of the correlation of chemical structure 
and optical activity depends on further improvement in the methods of 
measurement and analysis of rotatory dispersion and on the elaboration 
of a more detailed theory of optical activity. 

Influence of External Conditions 

Temperature, Solvent, and Concentration. The influences of sol- 
vent, temperature, and concentration on optical activity and rotatory 
dispersion have been observed ever since Biot’s early investigations, and 
the mechanism of these phenomena has been the subject of much specu- 
lation. Most of the earlier observations were made on substances of 
complex nature which rendered the analysis of the phenomena very 
difficult. In more recent years the effect of external factors on optical 
rotation was studied on substances having one asymmetric carbon atom. 
The credit for the pioneer work in this direction belongs to Pickard and 
Kenyon. 

The earlier theories explained the effect of solvent on the basis of 
the molecular association either of the solute or of the solute and solvent. 
These theories were sponsored also in recent years by Rule, who empha- 
sized the importance of the degree of polarity of solvent and solute. It 
may be said that these effects are more pronounced on substances where 
dispersions are expressed by two Drude terms of opposite sign. This 
phenomenon is easily understood if it is considered that solvent, tempera- 
ture, and concentration affect each active band, that is, each Drude term 
separately — the terms with a high value for X* being undoubtedly more 
susceptible than the terms with low value for Xj. Obviously the effect 
will be maximum when the observed rotation results from a difference of 
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two terms of nearly equal magnitude. An inversion of sign can then be 
expected since a small variation in the absolute values of the coefficients 
Ai and A 2 is sufficient to produce the change from 

Ai A 2 Ai A 2 

X2 - Xi2 ^ X2 - X 22 ^ X2 - Xi^ ^ X2 ^ X 22 

A striking example of this has been reported by Kuhn, Freudenberg, 
and Seidler.^^ Methoxyphenylethyl acetate has a rotation of 
[AfisTso = — 25° in homogeneous state (anomalous dispersion) and 
[Af ] 5780 =+ 250° in hexane (normal dispersion). This phenomenon 
can be observed in even very simple substances such as octanol-4 
(propylbutylcarbinol), as was stated above, whose sign of rotation is 
not the same in homogeneous state and in ether; the sign of the partial 
contributions, however, remain unchanged. 

It was natural to try to connect the effect of solvent with the shift 
observed in some absorption bands. The majority of changes in rota- 
tion produced by a solvent are brought about by the effect of the 
solvent on the absorption bands located in the long-wave-length region 
of the spectrum. However, according to the theories of Born and Kuhn, 
a very small variation in the distance or in the orientation of the coupled 
vibrations could produce an important effect on rotation and dispersion 
even without appreciable change in absorption. It is safe to say that 
the change in direction of rotation observed with change of temperature 
is caused by a similar phenomenon. 

Index of Refraction. The influence of the index of refraction of the 
medium on the rotation was postulated by Born in his early theory. 
His calculations, corrected by Gans, led to the following relation: 
a = K{n^ + 2). This formula, which expresses the non-specific effect 
of a solvent, was tested by Volkmann.^^ He found it valid for a few 
substances and only when the active molecule had no electric moment. 
If one considers how frequently a slight change of n produces a consid- 
erable effect on rotation and dispersion of simple molecules, one must 
conclude that the specific effect is much greater than the non-specific, 
and that the formula given above is of little value. ^ ^ 

Ionization and Salt Action. The fact that undissociated organic 
molecules and their ions have their own rotations has been known for a 
long time and has been emphasized by Landolt and by Oudemans. In 
recent years polarimetry has been used for measuring electrolytic disso- 
ciation.*^^' That ionization should affect optical rotation is to be 

Kuhn, Freudenberg, and Seidler, Z. physik. Chem., B 13, 379 ( 1931 ). 

Volkmann, ibid., B 10, 161 ( 1930 ). 

Kuhn, ibid., B 30, 356 ( 1935 ). 

Liquier-Milward, Trans. Faraday Soc., 26, 390 ( 1930 ). 

^ Levene and Rothen, J. Phys. Chem., 34, 2567 ( 1930 ). 
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expected since the absorption bands of the CO 2 H and NH 2 groups are 
displaced towards higher frequencies in the ionized states, COO" and 
For example, the direction of rotation of the lactate ion is 
opposite to that of the undissociated acid. The partial rotations, 
however, do not change their respective signs, but the rotatory dispersion 
of the ion is anomalous, whereas that of the acid is normal. 

The effect of strong electrolytes has received considerable attention, 
particularly on the part of Clough. The older writers attributed the 
changes in rotation to changes in the equilibrium of two isomeric species. 
More recent work has shown that the effect of a series of strong elec- 
trolytes on rotation is completely analogous to that observed by Fajans 
and co-workers on refractivity. 

Walden Inversion 

It is beyond the scope of this chapter to deal at length with the 
discovery of Walden in 1893 that the reaction of substitution on the 
asymmetric carbon atom is frequently associated with an inversion of 
configuration, or to deal with a review of the mass of accumulated experi- 
mental material regarding this phenomenon. Although the growth 
of the experimental material is continuous, the nature of the phenomenon 
remains unsolved. Little profit would result from a review of all the 
theories advanced for the explanation of the mechanism of the inversion, 
for as yet none of them permits the prediction of the occurrence or non- 
occurrence of a configurational change in a special reaction of substitu- 
tion. Yet it may be instructive to review some of the more recent 
theories and to test them in the light of some known observations. 

One of the theories, although very recent, has its roots in the specula- 
tions of Werner which were further developed by Meisenheimer. In 
the original form the theory postulated that prior to substitution the 
substituting element forms an addition complex with the radical or ele- 
ment to be substituted, the result of the complex formation being a 
change in the general distortion of the molecule so that the substituting 
group does not enter the molecule in the position of the radical or atom 
to be displaced. 

The following model may represent the course of a reaction of sub- 
stitution resulting in a Walden inversion. 

Ri Ri 

\ / 

I-- -C— C1--K+ I— + KCl 

R2-^ ^R2 

R 3 / \r3 
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This theory had a newer development in the hands of Holmberg and 
more recently of Polanyi et al. These authors based their views on the 
observation of the reactivities of primary, secondary, and tertiary halides 
toward sodium vapor, on the one hand, and toward sodium iodide, on 
the other. The order of reactivity was the reverse in the second case. 
The authors then postulated that substitution with positive ions took 
place on the side of the halogen, and hence proceeded without inversion, 
whereas substitution with a negative ion took place on the opposite 
side, as in the above diagram, and hence always resulted in a Walden 
inversion. In harmony with this theory, Polanyi and co-workers 
found that the rate of racemization of an alkyl iodide by iodine ions (or 
by iodine atoms) proceeds at a rate which is practically identical with 
the rate of substitution. This rate of substitution was arrived at by a 
comparison of the rates of substitution in related halides. 

The considerations of Polanyi and co-workers received confirmation 
through the very elegant experiments of Hughes, Juliusburger, 
Masterman, Topley, and Weiss, who showed that substitution of 
radioactive iodine for iodine in dextro-sec. -butyl iodide, proceeded at 
practically the same rate as racemization; the results of similar experi- 
ments on bromides were analogous. 

Olson et came to the conclusion that every reaction of substitution 
is accompanied by inversion. If an inversion does not occur, Olson 
accepts two substitutions in the course of the reaction. These authors 
studied the dynamics of the substitution of the bromine atom in bromo- 
succinic acid by chlorine. The reaction involves no fewer than five 
steps. The authors determined the rate constants of every one of these 
reactions and were able to calculate the rates of substitution and of 
racemization, obtaining results which qualitatively agreed with their 
theory. 

It is surprising that Olson should have chosen bromosuccinic acid 
to test his theory when numerous substances are available in which the 
reaction of substitution proceeds in a simpler way. 

Thus Olson went further in his conclusion than Polanyi, who dif- 
ferentiated between positive and negative mechanisms, one proceeding 
without, the other with, inversion. However, even Polanyi’s theory 
fails to explain the differences in the results of substitutions under 
analogous conditions in members of homologous series. It fails to 
explain the effect on substitution of solvent, reagent, etc. 

Bergniann, Polanyi, and Szabo, Trans. Faraday Soc., 82 , 843 (1936). 

Hughes, Juliusburger, Masterman, Topley, and Weiss, J. Chem. Soc., 1525 (1935). 

Young and Olson, J. Am. Chem. 8oc., 58 , 1157 (1936) ; Olson and Long, ibid., 58 , 
393 (1936). 
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A second of the recent theories is that of Rordam.'*® This author 
developed a new hypothesis of the mechanism of the Walden inversion 
based on the assumption that, when one of the radicals linked to the 
asymmetric carbon is removed, the optically active molecule oscillates 
between two configurations. 


A B A B A B 

\ / \ / \ / 
c c c 

/ \ / \ 

D E D ^ ^ D 

I II III 


Thus when E is removed in (I), or rather nearly removed, the groups 
Af Bj and D oscillate. For simplification it may be assumed that only 
D oscillates and does so between positions (II) and (III). It is self- 
evident that the occurrence or non-occurrence of an inversion depends 
on the time of substitution. If it occurs before D in position (II) changes 
into position (III), there is no inversion. The theory of Rordam postu- 
lates that, where substitution leads to two forms of opposite rotation, 
that form has the original configuration whose proportion increases with 
the increase of the concentration of the reagent. A mathematical 
formula was developed permitting calculation of the expected ratio of 
the two forms. A fair agreement was obtained between theory and 
experimental results. 

In a qualitative way the same considerations were developed by 
Ijevene and co-workers.*'’^®’ 

The relationship between the velocity of reaction and the occurrence 
or non-occurrence of Walden inversion was experimentally demonstrated 
by Ott^^ in the action of nitrous acid on 1-phenylethylamine and on 
asparagin. The same author showed that the rate of reduction of 
phenylmethylchloroacetic acid determined the direction of rotation of 
the resulting hydratropic acid. The catalytic reduction proceeded with 
change of sign of rotation, whereas reduction with zinc and acetic acid 
proceeded without change of sign. This theory, however, is too elastic 
to predict the result in every given reaction. 

According to Ingold, occurrence or non-occurrence of an inver- 
sion in the reaction of substitution depends upon the mechanisms of the 
reaction. Of these he visualizes two: 

^9 Rordam, J. Chem. Soc., 2017 (1930). 

Levene and Walti, J. Biol Chem,, 73 , 263 (1927). 

Lievene and Rothen, ibid., 81 , 359 (1929) . 

“ Ott, Ber., 68 , 1651 (1935). 

Ingold, J. Chem. Soe., 236 (1936). 
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1. One in which the substance undergoes a primary dissociation into 
ions or radicals. 

2. One in which the formation of an addition complex is an essential 
condition for the extrusion of the group replaced. 

The reactions of the first type, according to Ingold, may proceed 
without inversion whereas those of the second are connected with inver- 
sion. 

The extent to which this thewy will permit prediction nmiains to 
be seen. Frequently a small change in conditions of reaction alters 
the result of a substitution. Some of these will be mentioned here. 
They may be classified into two categories: one dealing with structural 
conditions, and the otht'r with external extramolecular influences. 


Structural Conditions 

Position in an Homologous Series. The action of hydrogen bromide 
on CH3CH(0H)C6H5 and on C2H5 CH(OH)CgH 5 results in substitution 
accompanied by change of rotation. No change of rotation occurs with 
C3H7CH(OH)CgH5. 

Aliphatic or Aromatic Series. The chlorination by means of 
thionyl chloride is accompanied in aliphatic secondary alcohols by 
change of rotation in the same way as with other chlorinating reagents. 
In the phenyl series it proceeds without change of rotation whereas 
other chlorinating agents act in the same way as in the aliphatic series. 

Distance of the Phenyl Group from the As3unmetric Center. The 
result of substitution of hydroxyl by chlorine in CgH 5CH(0H)C02H 
depends on the solvent. It is independent of it in CgH5CH2CH(OH) 
CO2H. 


Influence of External Conditions 
Influence of solvent. 

(a) Substitution of a halogen atom by 



dca:^ro-C6H5CHNH2C02H 


Zeyo-C6ll6CHNH2C02H 


Senter and Ward, J , Chem , Soc ., 127 , 1847 (1925). 
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(b) Chlorination by SOCl2.^^ 



kt;o-C6H5CHClC02H 


dea:/ro-C6H6CHClC02H 


The effect of a tertiary base has also been observed in sugars. Thus 
either a- or jS-glucosides are formed from d-acetobromoglucose, depend- 
ing upon the presence of quinoline or silver carbonates in the reacting 
system. 

The action of nitrous acid on dex^ro-methylphenylaminomethane 
produces a dextro carbinol when the solvent is glacial acetic acid and a 
levo carbinol when the reaction is carried out in aqueous solution. 

Influence of Metallic Ion. In the monograph of Walden numerous 
examples are given of the differences in action of silver or other metallic 
ionlB on the results of substitution of a halogen atom by a hydroxyl 
group. 

The effect of hydrogen-ion concentration, of neutral salts and of 
temperature has been recorded by many observers and has been more 
comprehensively studied by Holmberg^^ and by Bancroft. 

It is noteworthy that all factors influencing the course of substitu- 
tion also affect the rotations of optically active substances not subject 
to any chemical change. The effect on the rotation was discussed 
earlier and was viewed as the result of the differences in the forces of 
coupling of electronic vibrations in chromophoric groups located in 
different parts of the molecule. Is it not possible to assume that there 
exists some connection between the forces which affect the rotations of 
the substances and those which determine the steric course of a reaction 
of substitution? May not a rigorous investigation of such parallelisms 
in homologous series furnish some very valuable data? It would seem 
that a rational theory of Walden inversion could scarcely be expected 
before a theory of optical rotation is developed capable of predicting all 
observations on the correlation of optical rotation to chemical structure 
in simple substances having one asymmetric carbon atom. 

Kenyon, Lipscomb, and Phillips, ibid., 415 (1930). 

Fischer and Bergmann, Ber., 50, 711 (1917). 

®®Holmberg, Ber., 60, 2194 (1927). 

•^Bancroft and Davis, J. Phya. Chem., 36, 1253 (1931). 
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INTRODUCTION 

The development of the quantum mechanics during the last decade 
has led to the clarification of many concepts previously originated by the 
chemist regarding valence and the nature of the chemical bond, and also 
to the introduction of some new ideas. Of the latter the most important 
is the idea of resonancey and especially of the resonance of a molecule 
among several valence-bond structuresy which, although foreshiidowed to 
seme extent by early chemical theories, had not been clearly formulated 
on the basis of empirical evidence.* In this chapter we shall discuss in 
a systematic way the essential features of the modern conception of 
the chemical bond, omitting, however, all quantitative calculations, the 
quantum-mechanical discussion being restricted to the qualitative 
description of the results which have been obtained and the discussion of 
the physical and chemical concepts involved. 

The treatment of the chemical bond and the structure of molecules 
given in this chapter is based largely on the fundamental concept of the 
shared-electron-pair bond as formulated by G. N. Lewis and developed 
by many investigators. A description of this development is given in 
Chapter 19, ^‘Modern Electronic Concepts of Valence” (p. 1597), in 
which references to the earlier literature are contained. 

THE ELECTRONIC STRUCTURE OF ATOMS 

During the last twenty-five years a large amount of experimental 
information has been gathered regarding the structure of atoms, relating 
to the frequencies and intensities of spectral lines, the magnitudes of 
resonance and ionization potentials, the behavior of atoms in magnetic 
and electric fields, etc. This information has, after much effort, been 
correlated through the development of a theory which seems at present 
to represent in a completely satisfactory way the extranuclear electronic 
structure of atoms. This theory, called quantum mechanics or wave 
mechanics, is a refinement of the old quantum theory. It is not a com- 
plete theory of the physical world — it has not been found possible to in- 
clude within it all the refinements of the theory of relativity, nor to ex- 

* The idea of the resonance of molecules among several valence-bond structures, to 
which a vague resemblance is shown by Kekul6’s theory of the benzene ring and Thiele’s 
theory of partial valence [Thiele, Ann., 306 , 87 (1899)1, is much more closely approximated 
by Arndt’s theory of intermediate stages [Arndt, Scholz, and Nachtwey, Ber., 57 , 1903 
(1924); Arndt, Ber., 63 , 2963 (1930)] and the theory of the mesomeric state developed by 
the English and American organic chemists [Lowry, J. Chem. Soc., 822, 1866 (1923) ; Lucas 
and Jameson, J. Am. Chem. Soc., 46 , 2475 (1924); Robinson and co-workers, J. Chem. 
Soc., 401 (1926); Ingold and Ingold, ibid., 1310 (1926); see in particular Ingold, Chem. 
Rev., 16 , 225 (1934)], 
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tend it to encompass electromagnetic phenomena and the structure of 
atomic nuclei — but in the field of atomic structure and molecular struc- 
ture the very extensive agreement between deductions from quantum 
mechanics and the results of experiment together with the extensive 
experimental verification of theoretical predictions has caused most 
theoretical scientists to consider the theory to be generally valid. 

In the following paragraphs a brief outline is given of the present 
views regarding the electronic structure of atoms. The statements made 
here without support are based upon many experimental facts, but 
lack of space necessitates their omission. 

According to the Bohr theory the electron in the hydrogen atom in 
its normal state revolves about the nucleus in a circular orbit with radius 

oo = 0.529 A (I A = 1 X 10^® cm.) 
and the constant speed = 2 . 182 
A X 10® cm. per sec. The quantum- 

( mechanical picture is similar but less 

definite. The state of motion of the 
electron is represented by an orhital 
wave function {Eigenfunction) j ob- 

t tained by solution of the Schrodinger 

wave equation. (Following Mulli- 
ken, the one word orhital will be 
used for a one-electron orbital wave 
function.) In the physical inter- 
pretation of the quantum me- 
chanics the square of the wave 
Fig. 1.— The probability functions i/' 2 and function, represents the proh- 
4irrV* for the normal hydrogen atom, ability distribution function for the 

position of the electron, such that 
is the probability that the electron be found in the volume 
element dV, and 4x7* dr the probability that it be found between 
the distances r and r -|- dr from the nucleus. These quantities are 
shown in Fig. 1, as calculated for the wave function 



V xao^ 

in which r is the distance from the electron to the nucleus. It is seen 
that the electron is not restricted to the distance ao from the nucleus, 
but that it does remain most of the time at about this distance, which is 
indeed the value of r at which the radial distribution function has its 
maximum value. Moreover, the speed of the electron is also not con^ 
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slant, but can be similarly represented by a probability distribution 
function, and it is found that the root-mcan-square speed has just the 
Bohr value vo. The normal hydrogen atom can accordingly be described 
by saying that the electron moves in and out about the nucleus, with 
about the speed in such a way as to remain most of the time within a 
distance not much greater than ao. Over a period of time long enough to 
permit many cycles of motion of the electron the normal hydrogen atom 
can be described as consisting of the nucleus surrounded by a spherically 
symmetrical ball of negative electricity (the electron blurred by a time- 
exposure of its rapid motion). The exponential nature of the wave func- 
tion makes it impossible for us to assign a definite radius to the atom, 
which fades away gradually with increasing r, but from Fig. 1 it may 
be said that it has a radius of around 2ao (or San), since the chance that 
the electron gets beyond this distance is small. 

The electron itself has a spin (similar to the rotation of the earth 
about its own axis), and the spin can be oriented in either one of two 
ways (+ or — ) relative to a specified direction. Only two electrons can 
occupy the same orbital, and these two only by having their spins op- 
posed (Pauli exclusion principle). The normal helium atom consists of 
two electrons with opposed spins occupying the Is orbital. In normal 
atoms containing more electrons the Is orbital is always occupied in this 
way by two electrons, which are said in this cas(' to constitute a completed 
shell, the K shell. The size (linear dimensions) of the K shell varies 
about invc'rsely with the effective nuclear charge', the helium atom being 
about one-half as large as the hydrogen atom, the lithium ion Li“^ about 
one-third as large, and so on. 

The next outer shell is the L shell, consisting of the four orbitals 
2s, 2pjcf 2py, and 2 ^ 2 , of which 2s is somewhat more stable than the 
2p’s. In the atoms lithium to neon, electrons are introduced in these 
orbitals, two electrons in the same orbital having opposed spins, neon 
then having a completed L shell of eight electrons. This electronic 
configuration is represented by the symbol Is^ 2s “ 2px“ 2py^ 2p/^ or 
Is 2 2s 2 2p^, the superscript showing the number of electrons occupying 
the orbital or orbitals. Here the numbers 1 and 2 (for K and L shell, 
respectively) give the values of the total quantum number n, and the 
letters s and p represent the values of the azimuthal quantum number* 

I (s, p, d,f, etc., corresponding to J = 0, 1, 2, 3, • • • , n — 1). 

* In the old quantum theory the azimuthal quantum number determined the eccen- 
tricity of the elliptical orbit. This interpretation is retained essentially in the quantum 
mechanics, the « orbital in a given shell being the most eccentric and penetrating most 
deeply into the core, the p orbitals next, and so on. The greater penetration into the core 
(the region near the nucleus) leads to greater stability, and thus gives rise to the stability 
sequence ns> np > nd, etc., indicated in Fig. 2. 
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In an atom or monatomic ion the electrons tend not to pair with one 
another (by occupying the same orbital, their spins being opposed), but 
instead to occupy different orbitals, keeping their spins parallel. For 
example, in the normal nitrogen atom there are three unpaired electrons. 
The two most stable orbitals, Is and 2^, are occupied by pairs, whereas 
the three next orbitals, 2py, and 2p„ which do not differ in stability, 
are occupied by one electron apiece. In oxygen the eighth electron 
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Fiq. 2. — The approximate stability sequence for atomic orbitals, the lowest circle 
representing the most stable orbital (Is). Each circle represents one atomic orbital, 
which can be occupied either by one electron or by two electrons with opposed spins. 
In helium the Is orbital is filled (with two electrons), in neon the Is, 28, and three 

2p orbitals, and so on. 

must pair with one of these three in order to enter the L shell, leaving only 
two unpaired electrons; the same process leads to one unpaired electron 
in fluorine and none in neon. 

There are orbitals in the shell with total quantum number n, 1 in 
the K shell, 4 in the L, 9 in the M, 16 in the iV, and so on, the numbers of 
electrons occupying a completed shell being thus The approximate 
relative energy values for atomic orbitals are indicated in Fig. 2, the 
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most stable orbitals being the lowest. It is seen that the M shell is not 
completely filled with electrons before the N orbitals begin to be occu- 
pied. Instead, after the 3s and 3p orbitals arc occupied by an “octet” 
of eight electrons, giving the stable argon configuration Is^ 2s ^ 2p® 
3s 2 3p®, electrons enter the 4s orbitals (in potassium and calcium), and 
only later, in the iron-group transition elements, are the 3d orbitals 
filled by their complement of ten electrons. The palladium and plati- 
num transition elements (ten of each) correspond to filling the five 4d 
and five 5d orbitals, respectively, and the rare earths (fourteen) to 
filling the seven 4/ orbitals. 

It must be mentioned that the stability sequence shown in Fig. 2 is 
not strictly applicable in all cases. In potassium and calcium the 4s 



Fig. 3. — The radial electron distribution function for the rubidium ion, showing 
four electron shells, the outermost being not well defined. (From calculations by 

Hartree.) 

orbital is more stable than the 3d orbitals, and hence is occupied by elec- 
trons, whereas with increase in the atomic number (iron, cobalt, nickel) 
the 3d orbitals become more stable than the 4s. The same change in 
relative stability of orbitals takes place in the other transition series. 

The outer shell of many stable monatomic ions consists of an octet of 
eight electrons in s and p orbitals (noble-gas type) or of eighteen elec- 
trons in s, p, and d orbitals (eighteen-shell type — Zn++, etc.). 

The radial electron distribution function for rubidium ion, with the 
configuration Is^ 2s^ 2p® 3p® 3d^® 45 ^ 4p®, is shown in Fig. 3. 

The K, L, M, and N shells are represented by the successive humps. 
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ELECTROSTATIC BONDS AND COVALENT BONDS 

It is convenient to consider three general classes of chemical bonds: 
electrostatic bonds y covalent bonds y and metallic bonds. This classification 
is not a rigorous one; for although the bonds characteristic of each of the 
classes have well-defined properties, especially from the structural view- 
point, the transition from one class to the other may take place gradu- 
ally, permitting the existence of bonds of intermediate type (p. 1858). 
In other cases there may occur a discontinuity in some physical or 
chemical property, which may be used as a basis for classification 
(p. 1863). Metallic bonds will not be discussed in this chapter. , 

The Ionic Bond and Other Electrostatic Bonds. We say that there 
is a chemical bond between two atoms or groups of atoms if the forces 
acting between them are such as to lead to the formation of an aggregate 
with sufficient stability to make it convenient for the chemist to consider 
it as an independent molecular species. (Thus the weak van der Waals^ 
forces between molecules are not usually considered as leading to the 
formation of chemical bonds.) If we can assign to each of the atoms or 
groups of atoms a definite electronic structure, essentialy independent 
of the other atom or group, such that electrostatic interactions lead to 
strong attraction and the formation of a chemical bond, the bond is 
said to be an electrostatic bond. 

The most important of these is the ionic bondy resulting from the 
Coulomb attraction of the excess electric charges of oppositely charged 
ions. There are ionic bonds between Na+ and Cl~ in crystalline sodium 
chloride and in NaCl molecules in sodium chloride vapor.* The fluo- 
ferriate complex ion, [FeFc]“, consists of Fe+‘^+ and F~ ions held to- 
gether by ionic bonds. 

In [Fe(H20)G]+++, [Ni(H20)6]++ [Ni(NH3)4]++, and many other 
complexes the bonds between the central ion and the surrounding mole- 
cules are due essentially to the electrostatic attraction of the excess 
charge of the central ion for the permanent electric dipoles of the mole- 
cules. ^ Electrostatic bonds of this type may be called ion-dipole bonds. 
Electrostatic bonds may also result from the attraction of an ion for the 
induced dipole of a polarizable molecule or from the mutual interaction 
of the permanent electric dipoles of two molecules. 

The Shared-electron-pair Bond or Single Covalent Bond. With 

H 

G. N. Lewis (1916) electronic structures such as H : H, : Cl : Cl H : C :H, 

H 

* For a discussion of ionic bonds in crystals see Pauling, J. Am. Chem. <Soc., 51 , 1010 
(1929). 

1 Langmuir, ibid., 41 , 868 (1919), especially pp. 930-931. 
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etc., are written, in which only the outer electrons are represented. Here 
a bond is formed between two atoms by two electrons which are held 
jointly by the two atoms, and which can be considered as contributing to 
the outer shell of each. Such a bond is called a shared-electron-pair 
bond or single covalent bond. 

The nature of these bonds is now well understood as the result of the 
application of quantum mechanics, beginning with the pioneer work of 
Heitler and London^ and culminating in the accurate treatment of the 
hydrogen molecule by James and Coolidge.^ 

A single covalent bond between two atoms A and B involves two 
electrons, one orbital from atom A, and one orbital from atom B. One of 
the electrons has positive spin and one negative spin; the stability of the 
bond may be considered to result from the interchange of the two elec- 
trons between the atoms A and B] that is, from resonance between 
the structures A] i B and A i T B, the arrows indicating the orienta- 
tion of the electron spins. 

The energy required to separate two atoms joined by a single cova- 
lent bond is of the order of magnitude of 50,000 to 100,000 cal. per mole. 
The strength of the bond depends on the nature of the orbitals involved 
(p. 1859). 


THE IDEA OF RESONANCE* 

The idea of resonance, in its application to chemistry, is the following. 
If it is possible to write for a molecule (or other system) two or more elec- 
tronic structures corresponding to about the same energy and satisfying 
certain other conditions, then no one of the structures alone can be con- 
sidered to represent the normal state of the molecule, which instead is 
represented essentially by an average of all of them; and, moreover, the 
molecule is then more stable (has a smaller energy content) than it would 
be if it had any one of the structures alone. The molecule is described as 
resonating among various structures, and the energy stabilizing the mole- 
cule is called resonance energy, 

(In quantum-mechanical terms, it is said that the wave function 
representing the normal state of the molecule is not any one of the wave 
functions corresponding to the various electronic structures, but is a 
linear combination of them.) 

The principal conditions for resonance are that the structures corre- 

* Heitler and London, Z. Physik, 44 , 455 (1927). 

® James and Coolidge, J. Chem. Phys., 1 , 825 (1933). 

* For a more thorough discussion of this subject see Pauling and Wilson, “Introduc- 
tion to Quantum Mechanics, with Applications to Chemistry/’ McGraw-Hill Book Co., 
New York (1935), Secs. 41, 46f. 
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spend to the same atomic arrangement (nuclear configuration) and to 
the same number of unpaired electrons. 

The effect of the energy of the structures is the following. If two 
possible structures have the same energy (and satisfy the other condi- 
tions for resonance, mentioned above) the molecule resonates equally 
between them. For example, for the nitro group we write the two 
structures: 


• ® V • 


and 




The group resonates between these two structures equally, and is thereby 
made more stable than either one of them. If one structure is much less 
stable than the other, its contribution is very small, and resonance makes 
the molecule only slightly more stable than the more stable of the two 
structures. 

It has already been mentioned that the energy of a single covalent 
bond between two atoms A and B can be considered as the resonance 
energy between the two equivalent structures A] i B and ^4. i T 5. 
In the following sections other applications of the idea of resonance will 
be discussed. 

THE COVALENT BOND 

The Ionic Character of Covalent Bonds. For a molecule such as 
HCl we write two reasonable electronic structures, H:Cl:andH+ 


: Cl : , the first corresponding to a normal covalent bond between the two 

atoms (similar to the bonds in H 2 and CI 2 ) and the second to an ionic 
bond. Inasmuch as chlorine is electronegative with respect to hydrogen, 
we expect the ionic structure, although less stable than the normal cova- 
lent structure, to be not far removed from it in energy. These two 
structures satisfy the conditions for resonance, and the normal HCl 
molecule must be considered as represented by both of them. The bond 
is partially covalent and partially ionic, the covalent contribution being 
the greater. The bond is stronger than either the normal covalent bond or 
the ionic bond, as the result of the resonance energy. It is the stabilizing 
effect of the partial ionic character which makes covalent bonds between 
unlike atoms more stable than those between like atoms. A quantitative 
treatment of the energy of bonds in relation to the relative electronega- 
tivity of atoms has been given. ^ 

* Pauling, J. Am. Chem. Soc., 64 , 3570 (1932) ; s^e also Mulliken, J. Chem. Phya., 2 , 
782 (1934); 3 , 573 (1935). 
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A single bond may lie anywhere between the ionic extreme and the 
normal covalent extreme. The former extreme is approached closely in 
CsF, and the latter is reached in bonds between like atoms, as in H2. 
In the series of gas molecules HF, HCl, HBr, HI, there is evidence that 
the ionic character is large in HF (perhaps larger than the covalent char- 
acter), and that it falls off rapidly in the order HCl, HBr, HI, the last 
having very little ionic character. 

It must be pointed out that the deduction of bond type from physical 
properties must be made with great caution. Thus of the fluorides 

NaF MgF 2 AlFa SiF4 PFg SFe 

M.P. 980° 1400° 1040° -77° -83° -55°C. 

those of high melting points have been described as ionic compounds 
and the others as covalent compounds. Actually the Al-F bond is no 
doubt closely similar to the Si-F bond. The abrupt change in proper- 
ties between AIF3 and SiF4 is due to a change in atomic arrangement — 
in the number and distribution of the bonds rather than in their type. 
In NaF, MgF2, and AIF3 each metal atom or ion is surrounded by six 
fluorine atoms or ions, to which it is bonded, and each fluorine is bonded 
to more than one metal (six in NaF, three in MgF2, two in AIF3) in 
such a way as to make the whole crystal one giant molecule, so that 
fusion and vaporization can occur only through bn^aking these strong 
bonds. In SiF4, PF5, and SFg crystals there are discrete molecules, 
each fluorine being bonded only to the central atom; these molecules 
are held together only by weak van der Waals’ forces, and so the sub- 
stances melt and boil easily. As pointed out long ago by Kossel,^ 
this ease of fusion and vaporization would be expected for ionic molecules 
of high symmetry and is not sound evidence for the presence of covalent 
bonds. There is strong evidence, such as that mentioned above, that 
volatility does not depend mainly on bond type, but on the atomic ar- 
rangement and the distribution of the bonds. 

Bond Orbitals. The Tetrahedral Carbon Atom. An orbital in an 
atom, such as the s and p orbitals indicated in Fig. 4, can be occupied by 
one unpaired electron or by two electrons, which form an unshared 
pair. An atomic orbital can also be involved in bond formation, the 
single covalent bond consisting of the shared pair of electrons occupying 
two atomic orbitals, one for each atom. These orbitals are conveniently 
called bond orbitals. 

A simple quantum-mechanical treatment of the relation between the 
strengths and relative orientation of the covalent bonds formed by an 


^Kossel, Z. Phyaik, 1, 395 (1920). 
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atom and the nature of its bond orbitals has been given.® It has been 
seen from the foregoing discussion that the stability of a covalent bond 
is determined by the resonance energy of the two electrons between the 
two bond orbitals, one for each atom. The examination of the form of the 
resonance integral shows that the resonance energy increases in magni- 
tude with increase in the overlapping of the two bond orbitals (the word 
overlapping signifying the extent to which the regions in space in which 




Fig. 4. — Representation of angular dependence of s and p atomic orbitals. The 
magnitude of each wave function, depending on orientation (polar angles t? and 
is represented for each wave function by a vector drawn from the origin in the direc- 
tion t5, ip under consideration to the surfaces shown. 

the two orbital wave functions have large values coincide). Conse- 
quently it is expected that of two orbitals in an atom the one which can over- 
lap more with an orbital of another atom will form the stronger bond, and 
that, moreover, the bond formed by a given orbital will tend to lie in that 
direction in which the orbital is concentrated. 

The different bond orbitals of a given atom do not differ very much 

* Pauling, J. Am. Chem. Soc., 63 , 1367 (1931); see also Slater, Phya. Rev.^ 37 , 481; 
38 , 1109 (1931), and Hultgren, ibid., 40 , 891 (1932). 
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in their dependence on r, but they may show a great difference in their 
dependence on ^ and that is, in their angular distribution. This is 
seen from Fig. 4. The s orbital is spherically symmetrical, and so can 
form a bond in one direction as well as in any other, whereas the three 
p orbitals are concentrated along the three Cartesian axes, and will tend 
to form bonds in these directions.* Moreover, the p orbitals are con- 
centrated in these directions, having a magnitude \/3 times as great as 
the s orbital ; hence (because of greater overlapping) p bonds are stronger 
than s bonds. It is convenient to call this magnitude (1.732 for p 
orbitals, 1 for s orbitals) the strength of the bond orbital. 



Fig. 5. — Angular dependence of a tetrahedral orbital (with cylindrical symmetry 

about the x axis). 

The conclusion that p bonds tend to be at right angles is verified to 
some extent by experiment. In H 2 S, with the electronic structure 

: S : H, the bond angle is 92°, 

H 

This does not mean, however, that the carbon atom will form three 
p bonds at right angles and a fourth (weaker) bond in some other direc- 
tion. Instead, by the process of hybridization (the formation of linear 
combinations) of the s and p orbitals four tetrahedral bond orbitals can be 
constructed; these orbitals are the best bond orbitals which can exist in 

* The orientation of the axes is of course arbitrary; we should say that the bond direc- 
tions for the three p orbitals are at right angles to one another. 

^ Cross, Phys. Rev., 47 , 7 (1936). 
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the L shell, having a strength of 2.00 as a result of great concentration 
in one direction (Fig. 5). The four tetrahedral bond orbitals are mutu- 
ally equivalent, and they are directed towards the corners of a regular 
tetrahedron. The properties which these bond orbitals give to the carbon 
atom are just those found experimentally, which led the chemist to the 
concept of the tetrahedral carbon atom (p. 158). 

If a first-row element forms four covalent bonds (the maximum pos- 
sible, as there are only four orbitals in the L shell), these will be tetra- 
hedrally directed, with angles 109° 28', provided that there is no dis- 
tortion arising from steric or other effects.* When only two or three 
bonds are formed the bond angle may lie anywhere between 90° and 
109° 28' (ignoring distortion), inasmuch as two opposing effects are 
operative. An unshared pair will tend to occupy the stable s orbital, 
leaving the p orbitals for the formation of bonds at 90° angles. On the 
other hand, the shared pairs strive to cause hybridization and the forma- 
tion of tetrahedral bonds with use of the best bond orbitals (strength 2). 
That these opposing effects reach a compromise is indicated by the 
intermediate value, 105°, observed for the bond angle in the water mole- 
cule.® The value 100° ± 3° is also reported^ for OF 2 . In other oxygen 
compounds somewhat larger values are found, ^ perhaps because of 
steric repulsion of the large attached atoms or groups: 111° ±2° in 
CI 2 O, 111° zt 4° in dimethyl ether, and 110° ± 5° in dioxane. The 
nitrogen bond angles in NH3 and other molecules also have values of 
about 110°. 

Other atoms (Ni^^, Pd^^, Pt^^, Cu^^, Au^“) can form four covalent 
bonds directed toward the corners of a square, using hybrid bond 
orbitals formed from one d, one s, and two p orbitals. Atoms such as 
Fe”, Fe^“, Co“^ Pd^'^, Pt^'", etc., can form six covalent bonds directed 
toward the corners of an octahedron, using hybrid bond orbitals formed 
from two dj one cS, and three p orbitals. 

It is to be emphasized that the quantum-mechanical treatment given 
above is neither rigorous nor unique. Most of the problems of chemistry 
are so complicated that they can be attacked in practice only through 
extreme simplification. The simplifying assumptions can be chosen 
in any one of a number of ways. Of these ways two in particular are es- 
pecially reasonable; these correspond to the two general treatments 
which have been used to the largest extent in the treatment of the 

♦ Electron-diffraction studies [Sutton and Brockway, J. Am. Chem. Soc., 57 , 473 (1935)1 
have shown that the Cl-C-Cl angles in methylene chloride and chloroform have the value 
111® zt 2®, only slightly different from the tetrahedral angle. 

® Mocke, Z. Physik, 81, 313 (1933) ; Baumann and Mecke, ibid.* 81, 446 (1933). 

® Sutton and Brockway, J. Am. Chem. Soc.* 67 , 473 (1936). 
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electronic structure of molecules, called the valence-bond method and the 
molecular-orbital method. Of these two methods the former is the more 
closely related to the familiar concepts of chemistry, and for this reason 
the discussion will be restricted to it. Confidence in the results of its 
application, which might be shaken by realization of its approximate 
character, is reinforced strongly by the fact that essentially the same 
results are obtained by application of the method of molecular orbitals.* 

The Magnetic Criterion for Bond Type.^^ It has been mentioned 
(p. 1859) that discontinuities in physical properties sometimes cannot be 
relied on as indicating a discontinuity in bond type. For certain sub- 
stances, however, definite evidence regarding the bond type can be ob- 
tained by the observation of one property of the molecule, its magnetic 
moment. 

The complex ions [reFo] " and [Fe(CN)6]^ may be considered. If the 
bonds connecting the iron atom to the six surrounding groups are ionic, 
these complexes contain the ferric ion, Fe‘^+“^, with twenty-three elec- 
trons. Of these electrons eighteen occupy the nine most stable orbitals, 
and the remaining five the five 3d orbitals, the electron configuration 
being Is^ 2s^ 2p^ 3d^. Electrons in atoms or monatomic ions 

avoid pairing; hence the five 3d electrons distribute themselves among 
the five 3d orbitals without pairing, as indicated in Fig. 6. Now each 
unpaired electron makes a large contribution to the magnetic moment of 
the complex, because of its spin, so that a complex ion [FeXe]^ containing 
ionic bonds would have a very large magnetic moment, and a substance 
containing it would be strongly paramagnetic. 

On the other hand, if the iron atom is attached to the six groups by 
octahedral covalent bonds two of the 3d orbitals will be involved in 
bond formation, together with the 4s and the three 4p orbitals (Fig. 6), 
and the five 3d electrons will be forced into the three remaining 3d 


* The following references relate to the development of the two principal methods of 
treatment of the electronic structure of molecules. Valence-bond method: Heitler and 
London, Z. Phyaik, 44, 455 (1927); Heitler, ibid., 46, 47; 47, 835 (1928); 61, 805 (1929); 
London, ibid., 46, 455; 60, 24 (1928); Pauling, Proc. Natl. Acad. Sd. U.S., 14, 359 (1928); 
Chem. Rev., 6, 173 (1928); Slater, Phya. Rev., 37, 481; 38, 1109 (1931); Pauling, J. Am. 
Chem. Soc., 63, 1367 (1931). Molecular-orbital method: Burrau, Kgl. Danake Videnakab. 
Selakab. Math.-fya. Medd., 7, 1 (1927) ; Lennard-Jones, Trana. Faraday Soc., 26, 668 (1929) ; 
Hand, Z. Phyaik, 61, 759 (1928); 63, 719 (1930); 73, 1, 565 (1931); 74, 429 (1932); 
Herzberg, ibid., 67, 601 (1929); Mulliken, Chem. Rev., 9, 347 (1931); Phya. Rev., 40, 55; 
41, 49, 751 (1932); 43, 279 (1933); Rev. Modern Phya., 4, 1 (1932); J. Chem. Phya., 1, 
492 (1933); 3 , 375, 506, 514, 517, 664, 573, 586, 635 (1935). The problem of directed 
valence is discussed in the following papers, in addition to those already mentioned: 
Van VIeck, J. Chem. Phya., 1, 177, 219 (1933); 2, 20, 297 (1934); Penney, Proc. Roy. Soc. 
(London), A144, 166 (1934); Proc. Phya. Soc. (London), 46, 333 (1934); Penney and 
Sutherland, J. Chem. Phya., 2, 492 (1934); Trana. Faraday Soc., 30, 898 (1934). 

Pauling, J. Am. Chem. Soc., 63, 1367 (1931), and references given there. 
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orbitals, only one remaining unpaired. This will give rise to a rela^ 
tively small magnetic moment. 

The experimentally determined moment for [FeFe]" corresponds 
accurately to five unpaired electrons, and that for [Fe(CN)6]^ to one; 
hence in the fluoferriate ion the bonds are essentially ionic and in the 
ferricyanide ion they are covalent. 
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Fig. 6. — Occupancy of orbitals in iron complexes, each large circle representing an 
orbital and each small circle an electron. The circles enclosed in the rectangles are 
involved in covalent bond formation. 


Multiple Bonds. The formal requirements for a double covalent 
bond between two atoms are the same as for two single covalent bonds; 
namely, the bond involves four electrons and four bond orbitals, two for 
each atom. A triple bond involves six electrons and six bond orbitals, 
three for each atom. Thus a first-row atom can form (with its four L 
orbitals) a maximum of four single covalent bonds, two single and one 
double, two double, or one single and one triple. 

In writing electronic structures it is often convenient to use 
the customary valence-bond dashes, only the outer unshared 

electrons being represented by dots, as, for example, H — H, :C1~C1:, 
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Moreover, it may also be convenient to represent the formal charges of 
the atoms by means of small plus and minus signs, the formal charge of 
an atom for a given electronic structure being calculated by assigning to 
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that atom all its unshared electrons and one-half of the electrons which 
it shares with other atoms. Formal charges calculated in this way are 

H 

L l_ 

1 

H 

It must be recognized that these charges do not represent accurately the 
charge distribution for the molecule, inasmuch as such effects as polari- 
zation, partial ionic character of bonds, etc., are also of significance; but 
the formal charges are probably the expression of the most important 
effect. 

In the discussion the terms coordinate covalency and semi-polar 
double bonds have not been used. The six single covalent bonds be- 
tween C and Fe in [Fe(CN)G]“, for example, are sometimes called co- 
ordinate covalent bonds, on the basis of the supposition that this complex 
is formed from Fe^'^’^ and 6 (CN)'', the latter ions providing all the 
electrons for the bonds. These covalent bonds, once formed, do not 
differ in any way from other covalent bonds, however, and there seems to 
be no need for attempting to differentiate the C — Fe bond from the 
C — C bond in H3C — CN, say, by the use of a different name. Similarly 
in trimethylamine oxide the bond between N and O is sometimes called 
a semi-polar double bond. This nomenclature may be convenient at 
times, the two atoms being actually held together by a single covalent 
bond and by an ionic bond (the electrostatic interaction of their formal 
charges) ; the use of a special symbol for the semi-polar double bond is 
unnecessary if the formal charges are shown in the structural formula. 

The One-electron Bond and the Three-electron Bond. ^ ^ The 
simplest molecules in which the one-electron bond and the three-elec- 
tron bond occur are the hydrogen molecule-ion, and the helium 

molecule ion, He2'^, respectively. The hydrogen molecule-ion consists 
of two protons (for each of which there is only one stable orbital, Is) 
and one electron. The two structures H- and H, in which the 
electron occupies first one and then the other Is orbital, are equivalent, 
and so correspond to equal energy, satisfying the condition for reso- 
nance. The system may be expected to resonate between these two 


shown in the following examples: 
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H3C— N— O: 
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“ Pauling, ibid., 53, 3226 (1931). 
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structures and thereby to be stabilized, forming a bond which we call 
the one-electron bond. This bond is only about one-half as strong 
as a shared-electron-pair bond, the dissociation energy of H 2 '^ being 
60,800 cal. per mole, as compared with 102,600 cal. per mole 
for H 2 . 

For He 2 ‘^, with a Is orbital for each nucleus and three electrons, 
there are also two equivalent structures, He: ‘He"^ and He + - :He, 
between which there is resonance, leading to the formation of a 
three-electron bond. This bond too is only about one-half as strong as 
a shared-electron-pair bond, the dissociation energy of He 2 '^ being about 
58,000 cal. per mole. 

For the formation of a one-electron bond, an electron-pair bond, or a 
three-electron bond between two atoms there are needed two bond orbit- 
als, one for each atom, and one, two, or three electrons, respectively. As 
mentioned above, a one-electron or three-electron bond is only about 
one-half as strong as an electron-pair bond. There is another difference 
in properties which causes the one-electron and three-electron bonds to 
be of only minor importance. An electron-pair bond can be formed be- 
tween any two atoms, the conditions for resonance being always satis- 
fied. On the other hand, the structures A» B and A .B (or A: • Band 
A • : B) in general will not have approximately equal energy, and so 
will not satisfy the energy condition for resonance; only if A and B are 
atoms of the same element or are of such a nature as to cause the two 
structures to have nearly the same energy (as for two atoms adjacent 
in the periodic table) will resonance occur and a one-electron or three- 
electron bond be formed. 

It is probable that the one-electron bond occurs in the boron hydrides, 

H H 

B 2 H 6 having the electronic structure H:B:B:H, in which two of the 

H H 

boron-hydrogen bonds are one-electron bonds. ^ ^ 

The three-electron bond seems to occur in several molecules, be- 
tween like atoms (as in He 2 '^) or atoms which are adjacent to each other 
in the periodic table, and so are sufficiently alike to permit the resonance 
stabilizing this bond. Molecules and complexes containing this bond 
include OF , NO, NO 2 , O 2 “, O 2 , SO, S 2 , and CIO 2 , to which are assigned the 
following structures, using — and = for the single and double covalent 
bonds, and . . . for the three-electron bond. 


Sidgwick, “The Electronic Theory of Valency,” Oxford University Press, Oxford 
(1929), p. 103. For a more detailed discussion of the structure of the boron hydrides, see 
Bauer and Pauling, J. Am. Chem. Soc., 58, 2403 (1936), and Bauer, ibid., 59, 1096 (1937). 
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:O^F: 

:N=0: 

0: 


Single bond plus a three-electron bond. 

Double bond plus a three-electron bond. 

Double bond to one oxygen atom, single bond plus a 
three-electron bond to the other. 


[;0~0:]“ (Superoxide ion. ^3) Single bond plus a three-elec- 
tron bond. 

rSrfiO: | Single bond plus two three-electron bonds (two un- 

• gi^g ; I paired electrons) . 

Single bond to one oxygen atom, single bond plus a 
three-electron bond to the other. ^ ^ 




THE RESONANCE OF MOLECULES AMONG SEVERAL VALENCE-BOND 

STRUCTURES 

The Meaning of Valence-bond Formulas. By a formula containing 
the symbol C — C, representing a single covalent bond between two 
carbon atoms, it is meant that the bond between the two atoms is essen- 
tially the same as in ethane or in diamond; in quantum-mechanical 
language, the same wave function (or part of a wave function) would be 
used for the molecule under discussion as for ethane or diamond. Simi- 
larly C=C represents a bond as in ethylene, C=C one as in acetylene, 
and so on. 

[The symbol C=0 is usually used to represent a double bond with 
about the same ionic character as in acetone. This ionic character arises 
in large part from resonance between the electronic structures 

R\ . . Rv i . . _ 

\C=0: and >C— O: 

r/ r/ •• 

and it is sometimes (though not usually) convenient to give this resonance 
explicit discussion ] 

It is found empirically that many molecules are of such a nature that 
for each a single valence-bond formula can be written which represents 
the structure and properties of the molecule in a satisfactory way. Thus 
for these molecules the symbol C — C in the formula assigned means that 
the carbon-carbon bond has the chemical properties which have come 

Neuman, J. Chem. Phya., 2 , 31 (1934) ; Kassatochkin and Kotow, ibid., 4 , 468 (1936). 

Brockway, Proc. Natl. Acad. Sci. U.S., 19 , 303, 868 (1933). 
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to be associated with a single bond between two carbon atoms, that the 
internuclear distance of the two atoms is 1.54 A, that the Hooke^s-law 
force constant has the single-bond value, and so on. 

The Structure of Simple Molecules, To many molecules, how- 
ever, it is impossible to assign a single valence-bond structure which sat- 
isfactorily represents the molecule. Under these circumstances some 
new concepts and symbols might be introduced (for example, writing 

A 

for benzene, without attempting to interpret this in terms of single 


and double bonds). An alternative procedure, which has been found 
to be illuminating and practicable, is to assign to a molecule of this type 
more than one valence-bond structure, these structures all contributing 
to the normal state of the resonating molecule. In quantum-mechanical 
language, it is said that the wave function for the molecule is formed by 
linear combination of the wave functions corresponding to the valence- 
bond structures involved. The properties of the molecule are then those 
corresponding to the various valence-bond structures, cognizance being 
taken also of the extra stability resulting from the n^sonance itself. 

As an example let us consider the nitro group in nitromethane 


or a similar molecule. For this we write the formula 




using all four L orbitals of nitrogen for bonds. However, there is 
another structure which is entirely equivalent to this, namely, the 


structure 


in which the two oxygen atoms have inter- 


changed their roles. The two structures satisfy the conditions for 
resonance (they correspond to nearly the same nuclear configuration), 
and since they are equivalent they must contribute equally to the struc- 
ture of the molecule. The molecule might then be represented by 
enclosing both formulas in brackets: 




o; + /o; 


This is rather clumsy, however, and since it is evident that both equiva- 
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lent structures must be considered only one is usually written, it being 
understood that resonance with the other occurs. 

It is to be emphasized again that in writing these two valence-bond 
structures for the molecule and saying that it resonates between them 
an effort is being made to extend the valence-bond picture to molecules 
to which it is not strictly applicable. This is not required but is chosen 
as a method in the hope of obtaining a satisfactory description of these 
unusual molecules, permitting the correlation (and '^understanding'') of 
the results of experiments on their chemical and physical properties and 
allowing predictions to be made in the same way as for molecules to 
which a single valence-bond structure can be assigned. The substance 
such as nitromethane does not consist of tautomeric molecules, some with 
one and some with the other of the two valence-bond structures written 
above. Instead, all the molecules have the same electronic structure, 
this being a structure which cannot be represented satisfactorily by any 
one valence-bond structure, but which is reasonably well represented 
by the two structures given above. The properties of the molecule are 
essentially those expected for an average of the two valence-bond struc- 
tures, except for the stabilizing effect of the resonance energy. In nitro- 
methane the two N — 0 bonds are equivalent. Each is a bond of a type 
intermediate between a double and a single bond; it is found experi- 
mentally that the properties of such a bond (interatomic distance, force 
constant) are determined mainly by the stronger of the bonds provided 
by the individual structures, the N — O bonds in the nitro group having 
properties close to those of a double bond. 

It might well be asked by the chemist whether it is not then wise to 
write for nitromethane the valence bond-structure 

1 

R 

which gives a satisfactory representation of the properties of the N — 0 
bonds. It does not seem wise to do this, for the following reasons. 
There are strong theoretical arguments showing that the maximum 
number of covalent bonds which a nitrogen atom (or other first-row 
atom) can form is four; the structure under discussion suggests that 
five covalent bonds can be formed. Moreover, the structure under dis- 
cussion provides little stereochemical information — a prediction could 
not be made as to whether the groups attached to the nitrogen atom are 
coplanar or not — whereas the resonating structure combined with the 
stereochemical knowledge of the tetrahedral nitrogen atom permits the 
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conclusion that the bonds are coplanar and that the 0 — N — O bond 
angle has approximately the single bond-double bond value 125® 
16'.* 

The assignment of a resonating structure to a molecule can some- 
times be made on the basis of theoretical arguments, as in the case of 
the nitro group just discussed, for which the two reasonable valence- 
bond structures are equivalent. In general, such an assignment should 
be supported by experimental evidence, such as that provided by chem- 
ical properties, resonance energies (as obtained from thermochemical 
data, p. 1874), interatomic distances, ^ ^ force constants of bonds obtained 
from Raman and infra-red spectra, dipole moments (p. 1712),^^ etc. If 
the reasonable valence-bond structures are not equivalent, knowledge of 
the magnitudes of the contributions of different structures to the 
actual structure of the molecule can be obtained from such data. Thus 

for carbon dioxide it is customary to write the structure : 0=C=0 : ; 
however, the observed interatomic distances show definitely that the 

+ * •_ _*• + 

structures ;0=C — 0: and :0 — C=0: contribute to just about as great 

an extent as the double-bonded structure, and this conclusion is sup- 
ported by the resonance energy (the great thermodynamic stability 
of the molecule) and the force constants of the bonds. For nitrous 
oxide, on the other hand, the force constants and interatomic dis- 

tances^® show resonance between the two structures :N=N=0: and 

:N=N — 0:, the structure :N — NsQ: not contributing. 

On p. 1867 the structures * ^N— 0; and ’ * were 

assigned to NO 2 and CIO 2 respectively. Each of the molecules, of 
course, actually resonates between such a structure and the equivalent 
one in which the roles of the two oxygen atoms are interchanged. 

For the carbon monoxide molecule the two structures :C=0: and 

:CsO: have been suggested. Actually both of these contribute to 

the structure, which we write as {:C=0: , :C=0: }, the bond reso- 
nating between a double and triple covalent bond. The study of energy 


♦ This has been verified by experiment, the value 127° ± 3° being found: Brockway, 
Beach, and Pauling, J, Am, Chem. Soc., 07 , 2693 (1936). 

“ Pauling, Proc. Nall. Acad. Sci., U. S., 18 , 293 (1932). 

Sutton, Trans. Faraday Soc., 30 , 789 (1934). 

Plyler and Barker, Phya. Rev., 38 , 1827 (1931). 

18 Pauling, Proc. Natl. Acad. Sd. U,S.» 18 , 498 (1932). 
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relations indicates that these structures are both important, with 

■f’ * * 

: C=0: contributing to a somewhat larger extent than : C=0 : . 

The carboxylic ions resonate between the two structures 




•Oi 




/c/r 


which contribute equally because of their equivalence. In the carboxylic 
acids the two structures 


H 

./ 

:o^ 




:6: 


H 


. 0 : 


are no longer equivalent, the second contributing less than the first, and 
the stabilizing effect of resonance being less than for the ion. This 
change in resonance energy, with the ion more stable than the acid, tends 
to assist in detaching the proton, and so gives those acids their large 
acid strength. The same result can be seen from another argument. 
The second of the structures written for the acid makes the oxygen atom 
to which the proton is attached positive in sign; it accordingly repels 
the proton, and so increases the acid strength.* 

Single bond-double bond resonance also occurs in the carbonate ion, 
the nitrate ion, urea, guanidine, the acid amides, and similar compounds, 
the carbonate ion resonating among the following structures: 



1 


T 

0 


As another illustration of the application of the concept of resonance 
to the chemical properties of substances let us discuss the basic 
strengths of guanidine and substituted guanidines. The fact that 
guanidine is a strong base can be accounted for by either one of the two 
closely related arguments used above for the carboxylic acids. The 
guanidinium ion resonates among the three structures 

See Pauling, J, Am. Chem. Soc., 64 , 988 (1932) . 

* An interesting series of investigations of the effect of resonance on the acid strengths 
of substituted boric acids and other substances has been carried out by Branch and his col- 
laborators: Yabroff, Branch, and Almquist, J. Am. Chem. Soc.^ 66, 2935 (1933); Branch, 
Yabroff, and Bettman, ibid., 66, 937 (1934) ; Branch and Yabroff, ibid., 66, 2568 (1934). 
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which are all equivalent, whereas guanidine itself resonates among the 
three structures 

../H 

II 
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which are not equivalent, the first being more stable than the other two 
(it is the structure usually considered alone by the chemist) and hence 
contributing more to the actual state of the molecule, resonance to the 
other two being less important. In consequence the ion is stabilized by 
resonance more than the molecule, and the basic strength of the sub- 
stance is increased by resonance. 

It may be predicted that monoalkyl-substituted and N,N-dialkyl- 
substituted guanidines are weaker bases than guanidine itself, for the 
following reason. The replacement of one or two hydrogens of an — NH 2 
group by alkyl radicals tends to prevent the double bond from swinging 
to this group, because carbon is more electronegative than hydrogen and 
hence tends to cause the adjacent nitrogen atom not to assume a positive 
charge. In consequence resonance of the double bond is to some extent 
restricted to the two other nitrogen atoms. This causes a decrease in the 
basic strength towards that characteristic of an imidine, the decrease 

/NH2 /NH2 

being about twice as great for HNC<^ as for HNC<^ . . Avery 

\nr2 \nhr 


much larger effect is expected for the N,N'-dialkylguanidines. The 
alkyl groups on two of the nitrogen atoms would tend to force the 



i 

double bond to the third nitrogen atom, the structure R — — R 


H 


H 
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being more important than the other two. This nitrogen atom would 
hence have little tendency to add a proton, and the substance would be a 

/NR2 

weak base. The tetraalkylguanidines HNC<^ would be still 

^NR2 

weaker bases, approaching the non-resonating imines still more closely. 
On the other hand, the N,N',N"-trialkylguanidines may be expected to 
be about as strong bases as guanidine itself, inasmuch as the conditions 
for resonance in this molecule and its symmetrical ion are the same as for 
guanidine itself and its ion. These various conclusions are in agree- 
ment with the available experimental data;“^ guanidine, the monoalkyl- 
guanidines, N,N-dimethylguanidine, and N,N',N"-trimethylguanidines 
are strong bases, whereas the N,N'-dialkylguanidines are weak. 

Empirical Resonance Energies. Thermochemists have often at- 
tempted to assign constant energy values to the bonds in molecules in 
such a way that the total energy of formation of a molecule from sepa- 
rated atoms could be expressed as a sum of bond energies. It is found 
that by restricting the discussion to molecules to each of which a single 
valence-bond structure can be confidently assigned this program can be 
carried out with considerable success; a table of bond energies can be 
constructed with which energies of formation of non-resonating mole- 
cules reliable to a few thousand calories can be calculated. 

On applying this table to resonating molt^cules it is found that the 
actual energy of formation of the molecule invariably is greater than the 
calculated value] that is, the molecule is actually more stable than it would 
be if it had the valence-bond structure assumed for it in making the 
bond-energy calculation.* This result is the one required by the quan- 
tum mechanics, according to which resonance always exerts a stabilizing 
action on the molecule. The difference between the observed energy of 
formation (obtained from heats of combustion or other thermochemical 
data) and the value calculated by bond energies for an assumed valence- 
bond structure is an empirical value of the resonance energy of the mole- 

20 Davis and Elderfield, ibid., 64 , 1499 (1932). 

* See Pauling and Sherman, J. Chem. Phys., 1 , 606 (1933), for the details of this treat- 
ment. In calculating resonance energies it is for convenience only that the thermochemical 
data are converted into energies of formation of molecules from separated atoms; the 
same results can be obtained by dealing directly with heats of formation from elementary 
substances in their standard states or with heats of hydrogenation reactions or other 
reactions. Many important results regarding resonance energies in unsaturated and aro- 
matic compounds have been obtained recently by Kistiakowsky and his collaborators by 
the direct measurement of heats of hydrogenation [Kistiakowsky, Ruhoff, Smith, and 
Vaughan, J. Am. Chem. Soc., 68 , 137, 146 (1936)]. The values found in this way are in 
general agreement with the less accurate values, obtained from heats of combustion, 
given in Table I, the values of the resonance energy found in these two ways for ben- 
zene, for example, being 36,000 and 39,400 cal. per mole, respectively. 
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TABLE I 

Empirical Values of Resonance Energy 


Substance 

Resonance energy 
(in cal. per mole) 

The principal resonating structures • 

CO 

68,000 :C=0 

III 

CO 2 

31,600 ;6=C‘ 

=6: , 1o=c— (jr, rd—c=o:'*' 

SCO 

19,400 Same as for CO 2 

CS 2 

10,600 Same as for CO 2 

RNCO 

6,600 ^;n= 

=c== 0 : , ^-'NsC — 0 " , 


(R=CH3,C2H.) 

RCO2H 


27,600 R—CC- 


• 0 - 

R— 


RCONHj 


CO(NH,)j 


21,000 R— CC .. 


R— 


36,600 HHHHHHHHHHHH 

\/ \/ \/ \/. \/ \/ 


Benzene 


Naphthalene 

Acenaphthene 

Anthracene 


41,600 Same as for urea 

A 

39,400 


71,000 Same as for naphthalene 
104,700 



r 


rr 

1 







Tn 

r 

r 


k/ 






ri 

fT 


k/ 





♦ In each case the resonance energy is calculated relative to the first of the structuree given. 
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TABLE I — Continued 

Substance Resonance energy The principal resonating structures 

(in cal. per mole) 


Phenanthrene 110,000 



Pyridine 

Quinoline 

Pyrrole 


Furan 

Thiophene 

Indole 

Carbazole 

Biphenyl 

1 ,3,5-Triphenylbenzene 

Phenylethylene 

Stilbene 

Phenylacetylene 

Benzonitrile 

Benzoic acid 

Benzaldehyde 

Acetophenone 

Benzophenone 

Phenol 

Aniline 


43,100 Same as benzene 
69,400 Same as naphthalene 


22,600 




etc; 


H 


etc. ; < 


\n/ 

■ 

21,400 Same as pyrrole 

31.000 Same as pyrrole 

54.000 Similar to pyrrole 

91.000 Similar to pyrrole 

8,000 1 

25.000 1 Similar to biphenyl 

6,700t<^^3V~'^ ! < 

1 5.400 1 Similar to phenylethylene 

10.400 1 
4,900 1 
4,200t 
3,500t ‘‘ 

7,100t 

10,400 1 


rp 


etc. 


6,700 1 



- H 


:, etc.; 




etc. 


4,400 1 Same as phenol 


t Extra resonance energy, not including benzene resonance. 


cule, which resonates between the structure assumed and other struc- 
tures. 

Some empirical resonance energy values are given in Table I. It 
is seen that the values support the statements made in the preceding sec- 
tion regarding the structure of some simple molecules. For carbon 

— + 

monoxide, resonance with the structure : C=0 : stabilizes the mole- 
cule to the extent of 58,000 cal. per mole relative to the structure : C=0 : ; 
if this resonance did not occur the substance would not be thermodynam- 
ically stable. The observed resonance energy of 31,600 cal. per mole for 
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carbon dioxide shows that the structure :0=C=0: for this molecule 
does not alone represent the molecule satisfactorily. The most reason- 

able structures to provide this resonance energy are :0=C — 0: and 

: 0 — C^O ; , and as mentioned above, it has been verified by arguments 

based on interatomic distances that these structures are almost as im- 
portant as the first for this molecule. Resonance of this type is much 
less important in carbon disulfide. ^ ^ 

In the carboxylic acids and the acid amides the resonance of the 
double bond between two positions gives rise to a resonance energy of 
about 25,000 cal. per mole; and in urea and the esters of carbonic acid 
resonance of the double bond among three positions leads to a resonance 
energy of about 40,000 cal. per mole, a reasonable value in comparison 
with the foregoing one. 

The remaining values in the table will be discussed in later sections. 


THE STRUCTURE OF BENZENE AND OTHER AROMATIC MOLECULES 


The Structure of Benzene (p. 55). The benzene molecule is 
known from electron and x-ray diffraction studies to be a plane, the 
six carbon atoms lying at the corners of a regular hc^xagon 1.39 A on 
edge. This nuclear configuration is compatible with the Kekul6 
^ /\ 


and 


V 


which the chemist immediately writes as the 


structures, 

\/ 

most reasonable. These two structures do indeed make the largest 
contributions to the structure of the normal benzene molecule. The 
detailed investigation* of the problem has shown that the resonance 
between the two Kekule structures stabilizes the molecule to the extent 
of about 31,000 cal. per mole; in addition the less stable structuresf 




Va 


/X 


Vb 


N/c 




Cross and Brockway, J. Chem. Phys., 3, 821 (1935). 

* Of the two general quantum-mechanical methods which have been applied to this 
problem, the molecular orbital method and the valence-bond method, only the latter which 
is the more closely related to the usual concepts of chemistry will be discussed. See 
Htickel,Z.P/i2/8ifc,70,204; 72,310 (1931); 76,628(1932); Pauling and Wheland. J. Cfeem. 
Phya., 1, 362 (1933); Wheland, ibid., 2, 474 (1934); Penney, Proc. Roy. Soc. (London), 
A146, 223 (1934). 

t It is convenient to call the valence-bond structures with the maximum number of 
double bonds unexcited structures, and those with a smaller number (the less important 
ones) excited structures. 
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C, Z), and E make a small contribution, increasing the resonance energy 
to about 39,000 cal. per mole. This resonance energy makes the ben- 
zene ring about 39,000 cal. per mole more stable than a ring with three 
non-interacting double bonds, and gives it its peculiar aromatic proper- 
ties. 

As a result of resonance, each of the carbon-carbon bonds assumes 
properties similar to those of a double bond (except for the greater 
stability conferred by the resonance energy). Hence all the atoms in 
the molecule are restricted to one plane (as in ethylene, for example), and 
the bond angles are restricted to values near the tetrahedral angles 109° 
28' and 125° 16'. These conditions are satisfied by the six-membered 
ring of benzene. On the other hand, the angles of 90° and 135° in plane 
rings of cyclobutadiene and cyclooctatetraene, respectively, introduce so 
much strain as to counteract the stabilizing effect of resonance. 

The quantum-mechanical treatment of benzene has been found to 
provide an explanation of many characteristic properties of the sub- 
stance. On p. 1881 directed substitution is briefly discussed from this 
viewpoint. The effect of five-membered and six-membered saturated 
side rings in influencing the properties of benzene, discovered by Mills 
and Nixon, has been shown to depend on a change of a few per cent 
in the contributions of the two Kekule structures to the resonating 
structure of the molecule. 

Naphthalene, Anthracene, Phenanthrene. The three most impor- 
tant valence-bond structures for naphthalene are the following: 




I 




II 


I 

W 

III 


These contribute about equally to the resonating structure, the symmet- 
rical structure I being somewhat more important than II and III. In 
addition smaller contributions are made by various less stable structures. 
This resonance stabilizes the molecule by 74,000 cal. pc^r mole, giving 
naphthalene aronjatic properties similar to those of benzene. As in 
benzene, each carbon-carbon bond has properties approaching those for 
a double bond; the entire molecule is planar, with bond angles near 
120 °. 

Penney, Proc, Roy. Soc. (London), A146, 223 (1934). 

Mills and Nixon, J. Chem. Soc., 2510 (1930). 

Sutton and Pauling, Trans. Faraday Soc., 31, 939 (1935). 

** Pauling and Wheland, J. Chem. Phys., 1, 362 (1933) ; Sherman, ibid., 2, 488 (1934). 

Robertson, Proc. Roy. Soc. (London), A142, 674 (1933). 
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In anthracene four structures 


/\/V/\ 


\/W^ 


make the largest contributions to the normal state of the molecule, 
smaller contributions being made by several hundred other structures. 
Five structures are important for phenanthrene : 



The resonance energies for these two molecules are 104,700 cal. per mole 
and 110,000 cal. per mole, respectively, both substances thus having 
aromatic properties, with phenanthrene about 5000 cal. per mole more 
stable than anthracene (Table I). The additional stability of phenan- 
threne is attributed to the fact that it resonates among five unexcited 
structures rather than four. It is also found that in larger polycyclic 
molecules greater stability accompanies more extensive branching, which 
increases the number of unexcited structures contributing to the reson- 
ance energy. 

It must be emphasized that the larger resonance energy of naphthal- 
ene than of benzene does not require naphthalene to be more aromatic 
than benzene in its chemical reactions, inasmuch as the stabilizing action 
of the resonance energy is divided among five double bonds in the former 
and only three in the latter molecule. In general it is necessary to consid- 
er the resonance energy of the products of reaction also in discussing 
chemical properties of resonating molecules. Thus on hydrogenating 
benzene to 1,3-cyclohexadiene (with about 6000 cal. per mole resonance 
energy of conjugation of the two double bonds) there is a loss of reson- 
ance energy of about 33,400 cal. per mole, whereas the loss on hydrogen- 
ation of naphthalene in the 1,2 positions is only 29,200 (assuming 6000 
cal. per mole energy of conjugation of double bond and benzene ring in 
1,2-dihydronaphthalene). In consequence naphthalene may be ex- 
pected to be more easily hydrogenated than benzene.* A very simple 
treatment of bond character in aromatic hydrocarbons which leads to 
conclusions in general agreement with the known chemical properties 

♦ See Pauling and Sherman, /. Chem. Phy$,, 1 , 679 (1933) , for a more detailed treatment 
of hydrogenation. 
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of the substances can be made on the basis of the unexcited structures of 
the molecules. By examining the unexcited structures of an aromatic 
hydrocarbon to each bond may be assigned a fraction representing its 
double-bond character, this fraction being the ratio of the number of 
structures placing a double bond in this position to the total number of 
structures. This gives the following results*: 

In benzene each bond has one-half double bond character, whereas in 
naphthalene the 1,2 bonds have two-thirds and the 2,3 bonds one-third 



Anthracene Phenanthrene 


double-bond character. These numbers cannot be given a simple quan- 
titative interpretation in terms of chemical reactivity; they do demand, 
however, that qualitative relations be satisfied. The 1,2 bonds in 
naphthalene must be much closer to ordinary double bonds in their 
properties than are the benzene bonds, which in turn are much more 
like double bonds than are the 2,3 bonds in naphthalene, the last, in- 
deed, having practically no properties of a double bond. These state- 
ments are in agreement with general chemical experience. Various 
coupling reactions of naphthalene involving the 1,2 positions show the 
1,2 bonds to have, to a pronounced extent, the properties of a double 
bond, whereas the 2,3 bonds show no such properties. 

The 1,2 bonds in anthracene have a still more pronounced double- 
bond character, 2 8 which in turn is exceeded by that for the 9,10 bond 
in phenanthrene. Tfhis explains the fact that phenanthrene (despite 
its greater thermodymamic stability than anthracene, consequent to its 
greater resonance energy) is more reactive than anthracene. 

* For a discussion of the dependence of interatomic distance on double-bond character 
see Pauling, Brockway, and Beach, J, Am. Chem. Soc., 57 , 2705 (1935). 

Fieser and Lothrop, ibid., 57 , 1469 (1935), and earlier references quoted by them. 

** Fieser and Lothrop, ibid., 58 , 749 (1936), and references quoted by them. 
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the unshared electron pair resonating among all the atoms of the ring. 
Similar structures also contribute in indole, carbazole, and other hetero- 
cyclic compounds, giving rise to resonance energies of about the same 
magnitude as for aromatic hydrocarbons with the same number of rings. 

Orientation of Substituents in Aromatic Molecules.* When a sub- 
stituent is introduced into an aromatic molecule it may enter into cer- 
tain of the available positions more readily than into others. This phe- 
nomenon has been exhaustively studied, and empirical rules have been 
found which describe the experimental results fairly satisfactorily (p. 110). 
Thus in a monosubstituted benzene CeHsR the groups R = CH3, F, Cl, 
Br, I, OH, NH2, etc., are ortho-para directing, and R = CO2H, CHO, 
NO2, N(CH3)3“^, etc., are meta directing. Most ortho-para directing 
groups activate the molecule so that substitution takes place more 
readily than in benzene itself, and most meia directing groups have a 
deactivating effect. In naphthalene, substitution occurs at the a-posi- 
tion, in furan, thiophene, and pyrrole at the a-position, and in pyridine 
at the /^-position, all of these molecules except pyridine being more 
active than benzene. 

During the last fifteen years a qualitative theory has been developedf 
which accounts satisfactorily for the phenomenon in its major features, 
and recently a quantitative treatment based on the quantum mechan- 
ics has been carried out,^^ with a degree of success which provides 
strong support for the theory. 

The theory is based on the consideration of the distribution of elec- 
tric charge (the electron distribution) in the molecule in which sub- 
stitution is taking place. In a benzene molecule the six carbon atoms 
are equivalent, and the charge distribution is accordingly such as not to 
make one carbon atom different from another. In the molecule CeHsR, 
with R attached to carbon atom 1 , the electron distribution will in gen- 
eral be affected by the group R in such a way as to change the charges 
on the ortho (2 and 6) meta (3 and 5 ), and para carbon atoms. More- 
over, the electron distribution may also be changed somewhat on the 
approach of the substituting group R' to one of the carbon atoms 
(‘^polarization^^ of the molecule by the group R') ; in benzene the polar- 
ization of one carbon atom by the group would be the same as for an- 
other, but in a substituted benzene the polarization would in general 
vary from atom to atom, and so might cause a difference in behavior of 

* The discussion in this section refers to substitution reactions involving the more 
common (cationoid) reagents. 

t Many workers, including Fry, Stieglitz, Lapworth, Lewis, Lucas, Lowry, Robinson, 
and Ingold, have contributed to the theory. For an excellent review see Ingold, 
Chem. Rev,, 15 , 226 (1934). 

Wheland and Pauling, J. Am. Chem. Soc., 67 , 2086 (1936). 
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diflferent positions. The fundamental postulate of the theory of ori- 
entation of substituents is the following: In an aromatic molecule under^ 
going substitution by the group JB', the rate of substitution of R' for hydrogen 
on the ith carbon atom increases with increase in the negative charge on the 
ith carbon atom when the group R' approaches it. 

Substitution is thus assumed to take place preferentially on that 
carbon atom on which the negative charge is the largest. There are 
two principal ways in which the charge distribution can be affected by 
the group R, for each of which it has been assumed, and has been veri- 
fied by quantum-mechanical calculations,* that the ortho and para 
carbon atoms are about equally affected, the meta carbon atoms being 
affected to a much smaller extent. 

The first effect of the group R, called the inductive effect, results 
whenever the electron affinity of the group is larger than or smaller 
than that of hydrogen. In the former case electrons are attracted to the 
group and to the attached carbon atom 1; calculation shows that they 
are removed mainly from the ortho and para carbon atoms. f Conse- 
quently the rate of substitution at the ortho and para positions will be 
greatly decreased and that at the meta positions somewhat decreased; 
the group R will be meta directing, with deactivation. An example of 
such a group is N“^(CH 3 ) 3 , in trimethylphenylammonium ion; the 
nitrogen atom has a larger electron affinity than hydrogen, and its at- 
traction for electrons is further intensified in this case by its positive 
charge. The same effect is seen in pyridine; the nitrogen atom attracts 
electrons mainly from the a and y carbon atoms, and consequently 
pyridine substitutes in the /3 positions, and is less active than benzene. 
Toluene shows the opposite effect. Electric moment measurements 
show that the methyl group loses electrons to the ring; these go mainly 
to the ortho and para carbon atoms, which are thus activated, toluene 


* Wheland and Pauling, loc. cit. This was first shown, for the inductive effect alone, 
by Hiickel, Z. Phyaik, 72, 310 (1931). 

t This result can be seen from the following qualitative argument. An excess negative 
charge attracted to carbon atom 1 is accounted for by resonance to ionic structures in 
which this atom has an unshared pair. There are only three unexcited ionic structures of 
this type, 


I 

V 


/\ 


+ 



and they correspond to removing electrons equally from the two ortho atoms and the para 
atom. The meta atoms remain unaffected so long as the excited ionic structures are not 
considered; their effect would be small. 
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substituting in these positions, and substitution occurring with greater 
ease than in benzene. 

It might be expected that F, Cl, Br, I, OH, and NH 2 would be meta 
directing, inasmuch as these groups all have larger electron affinities 
than hydrogen. Actually they are all ortho-para directing, the inductive 
effect for them being overcome by another effect, called the resonance 
effect (or sometimes the tavtomeric or electromeric effect^ p. 1617). For the 
molecules considered in the preceding paragraph a consideration of 
resonance was not needed, except to the same extent as in benzene itself. 
If the group R possesses an unshared pair of electrons, however, other 
structures make an appreciable contribution to the normal molecule.* 
Thus the structures 


x+ 

A-- 

1 

x+ 

-A 

x+ 

II 

AN 

1 1 

1 

V 

V 

1 1 
V 


in which the unshared pair resonates to the ortho and para positions are 


almost as stable as 


X: 

1 


X: 

1 

AA 


1 

A 

1 

and 

1 

V 


k/ 


, each possessing three double 
X+ 


/\ 


bonds. (Excited structures such as: 


, with two electrons not 


involved in a bond between adjacent atoms, are much less stable and 
need not be considered.) These three additional structures increase 
the electron density on the ortho and para atoms, and so make the groups 
ortho-para directing, the resonance effect being more significant than 
the inductive effect. 

In benzaldehyde and many similar molecules, on the other 
hand, resonance directs toward the meta positions, this effect of reso- 
nance resulting whenever the substituted group R contains an electro- 


* The contribution of these structures to the resonance energy amounts to about 6000 
cal. per mole (Table I, phenol and aniline). 
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negative atom and a double bond conjugated with the benzene ring * 
(r=C02H, CHO, NO2, COCH3, CN, etc.). The structures leading 
to this effect are of the type 



+ 


which decrease the electron density in the ortho and para positions, thus 
permitting reaction at the meta positions. (The contribution of excited 

”\C>- 


structures such as is small because of their instability; it 

suffices to produce some deactivation, however.) 

So far only the permanent charge distribution, as influenced by the 
inductive and resonance effects, has been discussed. The discussion for 
a monosubstituted benzene can be summarized as follows. When reso- 
nance does not occur, substitution is usually determined by the inductive 
effect, an electron-attracting group (N+(CH3)3) being meta directing 
and an electron-repelling group (CH3) ortho-para directing. The reso- 
nance effect, which when present is usually more powerful than the induc- 
tive effect, is meta directing when the group contains a double bond con- 
jugated with the benzene ring, and ortho-para directing when the group 
contains an unshared electron pair on the atom adjacent to the benzene 
ring. 

In a few cases (naphthalene, for example) it is necessary to consider 
also the polarization of the molecule by the attacking group; as yet no 
general qualitative rules have been formulated regarding this effect, 
though some quantitative calculations have been carried out. The 
effect can be treated qualitatively by the consideration of the number of 
unexcited ionic structures placing an unshared pair on the carbon atom 
being attacked. For the a position of naphthalene there are seven: 

* The resonance energy of this conjugation amounts to 6000 — 10,000 cal. per mole 
(Table I). 
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+ + 



hence the polarization by the attacking group will be greater for the a 
position, and substitution will take place there. The same argument 
can be applied to phenylethylene, which is ortho-para directing. Its 
zero electric moment shows that the vinyl group has no pronounced 
difference in electron affinity from hydrogen, and so will produce no 
inductive effect, and calculation shows that there is no resonance effect 
(which depends on the presence of an electronegative atom as well as of 
the double bond). However, polarization is greater in the ortho and 
para positions than in the meta positions, the former having four un- 
excited ionic structures, such as the following for ortho: 



and the latter only three; 

/ / ^ 



+ 
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The Hydrocarbon Free Radicals (p. 489). The modern theory 
of the stability of the aromatic free radicals is based on resonance.* 
Increase in the degree of dissociation of a substituted ethane, 
R3C — CR3, might result either from a decrease in stability of the 
undissociated molecule or an increase in stability of the products of 
dissociation, the free radicals R3C. For the hexaalkylethanes, which 

Rv^ ^R 

do not dissociate easily, the electronic structure R — C — C — R is written, 

r/ \r 

N 

and for the corresponding free radical the structure R — C-, the odd 

r/ 

electron (free valence) being located on the methyl carbon atom. The 
introduction of an aryl group as a substituent R, however, provides 
additional structures for the radical; it is principally the energy of 
resonance among these which stabilizes the free radical and increases 
the degree of dissociation of the substituted ethane. 

For simplicity, the molecule C 6 H 5 CH 2 — CH 2 C 6 H 5 , sym-diphenyl- 
ethane, may be considered, and the discussion of resonance may be 
restricted to the structures with the greatest stability (those with the 
maximum number of double bonds). For the undissociated molecule 
there is resonance among the four Kekul^ structures. 



H2 H2 H2 H2 


whereas each of the free radicals can resonate among the five structures: 



ABODE 


If the radical were restricted to resonance between the Kekul6 structures 

♦ The idea was developed empirically by Burton and Ingold, Proc. Leeds Phil. LU. 
Soc. Set, Sect., 1 , 421 (1929); Ingold, “Ann. Repts. Chem. Soc. (London),” 25 , 164 (1928), 
and was put on a quantitative basis by the quantum-mechanical calculations of Pauling 
and Wheland, J. Chem. Phys., 1 . 362 (1933), and HUckel, Z. Physik, 88, 632 (1933). 
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A and B, with the free valence on the methyl carbon, resonance would 
stabilize the radicals to just the same extent as the undissociated mole- 
cule, which would then have only the same tendency to dissociate as a 
hexaalkylethane. But actually the five structures A, J5, C, Z), and E 
(each with three double bonds) contribute about equally to the structure 
of the radical, which thus resonates among five structures (instead of 
two), and is accordingly stabilized by the additional resonance energy, 
which is found on calculation to be about 15,000 cal. per mole. 

The effect of two phenylmethyl radicals in decreasing the energy of 
dissociation by about 30,000 cal. per mole is not large enough to cause 
dissociation to an appreciable extent, inasmuch as the energy required to 
break the carbon-carbon bond in ethane is of the order of magnitude of 
85,000 cal. per mole. In triphenylmethyl, however, the odd electron 
can resonate among nine positions (the ortho and para positions of the 
three phenyl groups) in addition to that on the methyl carbon atom; 
this leads to an additional resonance energy of about 38,000 cal. per 
mole, so that two such radicals stabilize the system by an amount 
(76,000 cal. per mole) sufficient to decrease the dissociation energy to 
only a few thousand calories per mole, resulting in extensive dissociation. 
In tribiphenylmethyl, in which the odd electron resonates among nine- 
teen positions, the dissociating effect is still larger, the additional reso- 
nance energy being about 44,000 cal. per mole. 

The quantum-mechanical discussion has been carried out by two 
distinct methods, the results of which are in essential concordance.^® 
The detailed agreement with experiment in regard to such fine points as 
the greater dissociating action for a- than for /3-naphthyl and for two 
phenyls than for fluoryl leaves little doubt that resonance of the odd 
electron (free valence) among several positions in the radical is the 
principal influence stabilizing the free radicals. It is also possible that 
other factors, such as the steric effects of the large groups, have a con- 
siderable influence in increasing the degree of dissociation.’*' 

The positive and negative free radical ions have about the same possi- 
bilities of resonance as the free radicals themselves, the positive or 
negative charge (the latter being an unshared pair of electrons) reso- 
nating among the same positions as the odd electron; so that for all 
free radicals about the same values of the ionization potential and the 
electron affinity may be expected. This conclusion is in agreement 

^ Wheland, J. Chem. Phj/a., 2 , 474 (1934). 

*For a discussion of these points see Wheland, ibtd,, 2 , 474 (1934), and Bent and 
Ebers, J. Am. Chem. Soc., 57 , 1242 (1935). 

Wheland, loc. cit.; Pauling and Wheland, J, Chem. Phya.t 3, 316 (1936) ; Hylleraas, 
ibid., 3 , 313 (1936). 
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with the experimental results obtained by Bent, ^ ^ who has found values 
of about 60,000 caL per mole for the electron affinity of several different 
free radicals. 

Chromophores and Auxochromes.* It has been gradually recog- 
nized that the intense color of the triphenylmethane dyes and of other 
dyes whose constitution is well understood is closely related to reso- 
nance. Baeyer^^ suggested that in p,p-diaminotriphenylcarbinol hy- 
drochloride (Dobner’s violet), for example, the color is due to the oscil- 
lation of a chlorine atom from one end of the molecule to the other. 

CeHfi CflHfi 

Cl— NH2===/^^^(1}— NHj ^ HaN— 

With the recognition of the ionic character of the bond to chlorine, this 
suggestion was revised by Adams and Rosenstein,^^ who correlated the 
color with an oscillation of an electron. 


TT TT 



From the modern point of view intense color is the result of a transi- 
tion of the molecule from its nonnal electronic state to an excited elec- 
tronic state, with absorption of light, the transition having a very 
high probability if the electric-moment matrix element associated with 
it is large. Now the two valence-bond structures A and B represented 
above are equivalent; hence neither one represents the normal state of 
the molecule, which instead is represented by a combination of the two. 
There is also another combination of the same structures which repre- 
sents an excited state of the molecule. Now it can be shown that the 
electric-moment matrix element associated with transition between 
these two states is very large, by the following argument. The nega- 
tive ion may be considered to be near the center of the molecule, t 
Then structure A corresponds to a very large dipole moment (p. 1747) in 
one direction and B to the same moment in the other direction. The 
actual molecule in its normal state and the excited state under considera- 
tion will have zero moment, however, because with equal resonance be- 
tween A and B their moments neutralize each other. It can be shown 
by quantum-mechanical methods that under these circumstances the 

32 Bent, J. Am. Chem. Soc., 52 , 1498 (1930); 53 , 1786 (1931). 

* Bury, ibid., 57, 2115 (1935) . We have extended Bury’s discussion with the argument 
given in the second paragraph. 

33Baeyer, Ann., 354 , 152 (1907). 

3^ Adams and Rosenstein, J. Am. Chem. Soc., 36, 1472 (1914). 

f This assumption is not necessary, but simplifies the argument. 



RESONANCE AND MOLECULAR STRUCTURE 


1889 


electric-moment matrix element associated with the transition between 
the normal and the excited resonating state has the same magnitude as 
the moment associated with structures A and B, and is hence in this case 
very large; consequently the substance is very deeply colored, with the 
absorption of light corresponding to this electronic transition. The 
results of this argument can be summarized by saying that deep color 
results from resonance between two equivalent or nearly equivalent 
structures with which a large dipole moment is associated (the actual 
electronic transition being between resonating structures formed from 
these.) 

The division of groups into chromophores and auxochromes is rather 
arbitrary. Willstiitter and Piccard pointed out that some substances 
containing a quinoid chromophoric group, such as fuchsonimine, 
HN=C6H4=C==(C6H5)2, are colorless or feebly colored, becoming 
strongly colored on introduction of another group (such as NH2) called 
an auxochrome. Bury (Loc. cit.) pointed out that in these cases the func- 
tion of the auxochrome is to introduce the possibility of resonance. 

Nitrogen and oxygen atoms are important in dyes in order to intro- 
duce the large electric moments. The structures which by resonance give 
the normal and significant excited states for some dyes are listed below; 
for others the reader is referred to Bury’s article. 

The anion of benzaiirin: 


10 - 


% ^ 


C 




CoHs 

The cation of acridine orange: 


C0H5 


-OT 


H 


/X/ 


(CH3)2N^^^n/^ (CH3)2 


H 

H 




(CH3)2N'^^^N^^^^^N(CH3)2 


H 

“ Willstatter and Piccard, Ber., 41 , 1468 (1D08). 
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The dimethylpyronium cation: 


CHa H 



CHa H 


CHa H 

.. + 

:0— Cf 

jj/ >C— C< 

CHa H 
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A 

Abnormal reactions of Grignard re- 
agents, 1649-1651 

Abridged electronic formulas, 616 

Abrine, 1083 

Absolute configuration, determination, 
1801 

Absorption spectra, 1765-1777 
anthocyanidins, 1125 
infra-red, 1770 

detection of chelation, 1770-1771 
iodides, 1825 

visible and ultra-violet, 1771-1777 
aromatic compounds, 1774 
comparison with Raman shifts, 

1773 

relation to resonance, 1775 
usefulness, 1776-1777 

Acetaldehyde, polymerization, 563 

Acetals, equilibrium and rates in 
formation, 823-826 
formation, 559 

Acetoacetic ester method of Dieck- 
mann for formation of alicyclic 
compounds, 24-26 

Acetohalogen sugars, preparation, 1455- 
1456 

structure, 1455 

l-Aceto - 2 - hydroxy -3 -carboxynaphtha- 
lene, restricted rotation in 
oximes, 390 

Acetonitroglucose, preparation and 
stnicture, 1456 

Acetylene, dimerization, 568 

Acetylenes, addition of acid chlorides, 
567 

addition of alcohols, 567 
addition of oxygen acids, 567 
addition of water, 567 


Acetylenic linkage, 566-568 
ozonolysis, 567 

Acid chlorides, rates of reaction with 
alcohols, 833-835 
reaction with diazomethane, 655 
Acid rearrangements of sugars, 1507- 
1509 

Acidic hydrogen, 447-452 
Acidities, of organic compounds, 807 
relative, 448-452 

Acids, see under individual members 
alicyclic, 45-47 
d('finition, 1627 
dissociation constants. 805 
doubly unsaturated, 605 
inorganic oxygen, addition to ethy- 
lenic linkage, 549 
pseudo, 620 

rotatoiy dispersion, 1816-1820 
strength, 804-807 

iinsaturated, tautomerism, 818-820 
a,P-unsaturated, 589-593 
very weak, 448-449, 806 
Activated complex in rearrangements, 
799-801 

Activated state, 799 
Activating effect of unsaturated groups, 
543 

Activation of organometallic com- 
pounds, photochemical, 457 
Activation theoiy, 1631 
Active hydrogen, 447-452 
Acyclic sugar structures, 1434-1439 
Acylation, amines, 680-683 
hydrazines, 680-683 
hydrox>damines, 680-683 
nitroparaffins, 626-627 
Adenine, occurrence in nucleic acids, 


ctronic theory of addition to, 1677 


1003 

synthesis, 973 

j thiomethylpentoside, 1007 
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Adenosine, 1004 
structure, 1006 

Adenosinetriphosphoric acid, 1010 
1,4-Addition, HCl to vinylacetylene, 
777 

mechanism, 1651 

organometallic compounds, 422-423, 
458, 459 

to conjugated systems, 575 
to cyclic double bonds, 583 
to dienes and enynes, 576-579 
to 1,2-diketones, 580 
to long conjugated systems, 601-608 
to polyenes, 593-596 
to unsaturated acids and esters, 589- 
592 

to unsaturated aldehj^des and k('- 
tones, 581-583, 585-589 
1,6- Addition, to long conjugated sys- 
tems, 602 
to polyenes, 601 
1,8- Addition in reductions, 602 
Addition reactions, dienes, 1685-1689 
dimerizing of olefins by metals, 442, 
459-460 

electronic theory, acetylenes, 1677 
carbon monoxide, 1677-1678 
diazonium cations, 1677 
isocyanides, 1677-1678 
olefins, 1674-1676 
hypohalous acids to olefins, 1695 
metals to olefinic linkage, 441-444 
organometallic compounds, 414, 417- 
423, 430, 441, 443-444, 458-459, 
463 

to olefinic linkage, 441, 443-444 
sodium to olefins, 441-444, 1702 
Additive properties, definition, 1716 
Adrenal substances, 1388-1397 
Adrenaline, 1388 
Adrenosterone, 1391 
Affinity distribution in molecules, 723 
Aglucons, anthocyanidins, 1115; see 
Cardiac aglucons 
Agnosterol, 1277 

Albuminates, relation to carotenoids, 
1216 

Alcoholic fermentation, mechanism, 
1525-1531 


Alcoholic fermentation, sugars utilized 
in, 1525 

Alcohols, competitive reaction with 
phenyl isocyanate, 847-848 
rates of reaction with acyl chlorides, 
833-835 

rearrangement, 747, 786 
rotatory dispersion, 1805-1806 
Alcoholysis, equilibria and rates, 821- 
823 

Aldehyde hydrate, 565 
Aldehyde resins, 561 
Aldehydes, addition of organometallic 
compounds, 417 

condensation with phenylhydrazones, 
696-698 
oxidation, 565 

reaction with HCN, 807-808 
rearrangements, 726 
rotatory dispersion, 1820-1822 
a,|3-unsaturated, 581-589 
nldehydO’-d’’G\ucoRe pentaacetate, prep- 
aration, 1435 

aldchydo-BugSir acetates, 1435-1439 
Alder-Stein rule, 1261, 1330 
Aldimines, 568, 617-618 
Aldohexoses, 1400 
Aldolization, 560 
involving nitro group, 571 
Aldonic acids, lactonization, 1405 
preparation, 1404-1405 
Aldopentoses, discovery, 1402 
Alicyclic acids, 45-46 
Alicyclic bicyclic. compounds, isomer- 
ism, 49-50 

Alicyclic compounds, and the theory 
of strain, 1-51 

formation by cyclization, 16-32 
methods of opening, 36-38 
naturally occurring, 6-9, 41 
Alicyclic oxides, contraction in Grig- 
nard reaction, 427-430 
Aliphatic compounds, theory of strain, 
1-51 

Aliphatic diazo compounds, 645-656 
addition to unsaturated esters, 591 
mesomeric effects, 1682 
Alkali alkyls, electronic structure, 1653- 
1654 
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Alkali bisulfite, addition to carbonyl 
compounds, 554 

Alkali cellulose, and cellulose al- 
coholates, 1537-1540 
chemical properties, 1539 
nature, 1537-1538 

Alkaline rearrangements of sugars, 
1509-1515 

Alkaloids, 1018-1113 
angostura, 1062-1063, 1109 
anhaloniuin, 1063-1065 
areca nut, 1037-1038 
belladonna, 1047-1052 
betel, 1037-1038 
biogenesis, 1107-1112 
castor-bean, 1039-1040 
cinchona, 1056-1062 
coca, 1052-1056 
ergot, 1099-1103 
harmala, 1084-1086 
hemlock, 1030-1032 
hydrastis, 1065-1070 
hygrino, 1040”1042 
jaborandi, 1103-1105 
mescal, 1063-1065 
opium, 1071-1082 
pepper, 1033-1034 
pomegranate, 1034-1036 
reagents, 1020-1021 
strychnos, 1092-1099 
tobacco, 1043-1046 

Alkoxypyrimidines, 961 

Alkyl bromides, and pyridine, com- 
potiti\'e reactions, 842-843 
rates of reaction with piperidine, 
835-836 

Alkyl chlorides, rates of reaction with 
metallic iodides, 839-833 

Alkyl halides, and silver nitrite, com- 
petitive reactions, 843-844 
rearrangements of optically active, 
770 

Alkyl iodides, rates of reaction with 
sodium benzyloxide, 830 

Alkyl phenyl ethers, rearrangements, 
792-793 

Alkyl radicals, 529-523 
effect on stability of compounds, 841 

Alkyl sulfuric acids, 550 


Alkylation, bases, 677 
hydroxamic acids, 678, 693 
nitramide, 633 
nitroparaffins, 627-628 
oximes, 678, 688 
uric acids, 977-978 
Alkylhydroxylamines, 676, 683-684 
Alkylxanthyls, 512 
Allantoin, preparation, 984 
Allenes, 572 

mechanism of addition to, 1681-1682 
optical isomerism, 252-255 
rearrangement, 572 
A/focholanic acid, 1299 
formation, 1231 

Allocholesterol, 1266, 1279-1280 
A//oisolithobilianic acid, thermal de- 
composition, 1253-1254 
A//olithobilianic acid. 1309 

thermal decomposition, 1253-1254 
Allomucic acid, 1510 
Allophanates, formation, 710 
A//opregnanediol, 1281-1282 
AWopregnanedione, 1282, 1369 
specific rotation, 1371 
AZ/opregnanolone, 1369-1371 
specific rotation, 1371 
Allopseudocodeinc, 1077-1078 
Alloxan, 953 
formation, 966 
Alloxantine, 988 

Allyl 3-naphthyl ether, Claisen rear- 
rangement, 84-85 

Allyl phenyl ethers, mechanism of re- 
arrangement, 1652 

Allylic rearrangement, in 1,4-additioii, 
1685 

mechanism, 1650 

l-Allyl-2-naphthol, formation by 
Claisen rearrangement, 84 
o-Allylphenols, formation by Claisen 
rearrangement, 125 

Aluminum alcoholate, catalyst in re- 
duction, 585 

Aluminum chloride, structure, 1645 
Aluminum compounds, see Organo- 
aluminum compounds 
Amidines, 702, 954 
formation, 679 
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Amidoximes, formation, 679 
Amine oxides, 684-686 
optical activity, 342-344 
rearrangements, 754 
Amines, cleavage of C-N bond in, 713- 
716 

competition with phenyl isocyanate, 
847-848 

coupling of tertiary, 132 
coupling with diazonium salts, 660 
exhaustive methylation, 713 
methylene, rearrangements, 753 
oxidation, 716-719, 815-816 
reactions, 677-683 
of aromatic, 122-140 
with unsaturated aldehydes and 
ketones, 587 

secondary, formation, 638 
tertiary, attempts to resolve, 329- 
330 

Amino acids, action of nitrous acid on, 
870 

classification, 861-862 
dipolar ions, 866-868 
formaldehyde titration, 866, 875 
general methods of preparation, 885- 
889 

general properties and reactions, 864- 
885 

isoelectric point, 866 
optical activity, 864-865 
oxidation, 879-882 
racemization, 871-872 
Raman spectra, 868 
reaction with P-naphthoquinonesul- 
fonic acid, 878 
resolution, 889 
separation, 863 
titration, 869 

a- Amino acids, synthesis, 699 
Amino alcohols, rearrangement, 738 
of optically active, 740, 770 
Amino condensation products of sugars, 
structure, 1437-1439 
a-Amino esters, diazo esters from, 646 
Amino sugars, 1484-1488 
Aminoazo compounds, 673-675 
Aminocellulose, 1547-1548 
5-Aminocytosine, 963 


Aminodioxypjrrimidines, 965 
a-Amino-p-hydroxybutyric acid, 904 
Aminopyrimidines, 959 
Aminotrioxypyrimidines, 966 
Ammines, chelate derivatives, 1645 
organometallic, 466 

Ammonia, reaction with unsaturated 
carbonyl compounds, 587 
Ammonia system, 701-705; see Liquid 
ammonia reactions 
Ammonium radicals, 526 
Ammono acids, 702 
Amolonin, 1347 

Amylene oxide sugars, definition, 1423 
Anabasine, 1046 

Androgenic hormones, 1371-1386 
activators, 1385 
bisexual hormones, 1385-1386 
from androsterone, 1377-1381 
from dehydroandrosterone, 1381- 
1382 

from isoaiidrosterone, 1382-1384 
inactivators, 1385 
isolation, 1372-1374 
physiological action, 1384-1385 
principal members, 1378-1379 
related compounds, 1378-1379 
stereochemistry of the hydroxyl 
groups, 1377 
stnicture, 1384-1385 
testicular hormones, 1374-1376 
Androstanediol, formation from andro- 
sterone, 1380 

Androstanedione, from androsterone, 
1381 

from isoandrosterone, 1382 
A'^-Androstenediol, 1382 
A''*-Androstenediol, 1382 
from dehydroandrosterone acetate, 
1374 

spatial configuration of hydroxyl 
groups, 1377 

A^-Androstenedione, 1381 
A^-Androstenedione, from dehydroan- 
drosterone, 1381 
from testosterone, 1374 
A^-Androstenedione, catalytic reduc- 
tion, 1382 

from dehydroandrosterone, 1381 
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Androsterone, 1373 
formation through the Walden re- 
arrangement, 1260 
preparation, 1380 
Angeli rule, 673 

Angostura alkaloids, 1062-1063, 1109 
Anhalamine, 1064 
Anhalidine, 1064 
Anhaline, 1064 
Anhalinine, 1064 
Anhalonidine, 1064 
Anhalonine, 1064 
Anhalonium alkaloids, 1063-1065 
Anhydro sugars, 1488-1493 
butylene oxide type, 1491 
ethylene, oxide type, 1488-1491 
propylene oxide type, 1491 
Anhydrostrophanthidins, 1330-1331 
Aniline, addition to quinones, 600 
oxidation products, 718 
Aniline black, 719 
Aniline sulfate, rearrangement, 754 
Anilines, rearrangement of substituted, 
750-754, 792 
Anionoid activity, 1628 
Aninotropic systems, 1708 
Anisotropy, induced, 1795 
Anisotropy factor, 1793-1794 
Anomalous dispersion, conditions for, 
1800-1801 
Anserine, 940 
Anthocyanidins, 1115 
absorption spectra, 1125 
degradation, 1118-1121 
distribution, 1129-1130 
occurrence, 1 129-1 130 
properties, 1128 

relation to other plant products, 
1127-1130 
separation, 1126 
synthesis, 1122-1123 
types, 1116-1117 
Anthocyanins, 1114-1130 
color, 1125 

glycosidic nature, 1117-1118 
isolation, 1123-1124 
occurrence, 1125-1127 
properties, 1123-1124 
purification, 1124 
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Anthocyanins, structure, 1115 
synthesis, 1122-1123 
Anthoxanthin, conversion to antho- 
cyanidin, 1127 
Anthracene, di chloride, 115 
nitration, 112 

oxidation-reduction studies, 105 
para-bond formula, 100 
quinonoid formula, 101 
structure, 99-110, 1877-1880 
fi-Anthramine, structure, 105 
Anthranols, coupling, 103-104 
tautomerism, 122 
1,4-Anthraquinone, structure, 109 
Anthrone, tautomerism, 122 
Antiarigenin, 1336 

Antimony compounds, see Organo- 
antimony compounds 
Antioxidants, 566 
in addition reactions, 1685 
Apoatropine, 1051 
Apocholic acid, 1304 
Apoharmine, 1084 
Apoharminic acid, 1084 
Apomorphine, 1080-1081 
Aponucine, 1097-1098 
Apoquinine, 1059 
Apoyohimbine, 1092 
Arabine, 1085 

Areca nut alkaloids, 1037-1038 
Arecaidine, 1037-1038 
Arecoline, 1037 
Arenobufagin, 1342 
Arginine, 924-933 
Arginine-phosphoric acid, 927 
Armstrong-Baeyer, benzene formula, 61 
centric theory, 61 

Aromatic compounds, h 3 'drogenation, 
9-10 

structure and reactions, 52-149 
Aromatic diazo compounds, 656-664 
Aromaticity, electronic theory, 1665 
Arsenic, abnormal valence, 529 
compounds, see Organoarsenic com- 
pounds 

Arsonium bases, electronic theory, 1611 
Artificial silk, manufacture, 1542 
Ary l-(alkyleth 3 myl) -ethanes, 513 
Arylpyrrolinoanthroxyls, 528 
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Ascorbic acid, 1503-1607 
structure, 1504-1505 
synthesis, 1505-1506 
synthetic analogs, 1506-1507 
Asparagine, 896 
Aspartic acid, 895-898 
Association, 1724-1730 
long-chained molecules, 1580 
relation to dipole moment, 1750-1751 
Asymmetric, atoms, 157 
biphenyls, 276-288 
crystals, 156 
induction, 229 
molecules, 157 
synthesis, 224-231 
absolute, 229 
biochemical, 228 
chemical, 225-227 
definition, 224 
enzymatic, 228 
Asymmetry, 157 
Atomic radii, 1764 
Atoms, constitution, 1598-1600 
electronic structure, 1851-1855 
Atrolactic acid, 1047 
Atropamine, 1051 
Atropic acid, 1047 
Atropine, 1047 
Atroscine, 1050 

Autoxidation, aldehydes and ketones, 
565 

V. Auwers-Skita rule, 1257, 1303, 1377, 
1384 

Auxochrome groups, resonance, 1888- 
1890 

Azafrin, constitution, 1193-1197 
physical constants, 1142 
structure, 1158 

Azides, diazoamino compounds from, 
665 

formation, 696 
mesomeric effects in, 1683 
rearrangements, 696, 744 
rotatory dispersion, 1822-1823 
urethanes from, 887 
Azido acids, rotatory dispersion, 1829- 
1831 

Azlactones, 871-872 
Azo compounds, 668-675 


Azo compounds, formation, 660 
Azobenzene, formation, 636 
Friedel-Crafts reaction with, 669 
reaction with organometallic com- 
pounds, 415, 459 
reduction, 669 
Azoformamides, 661 
Azoformhydroxamic acids, 662 
Azomethane, 668 
Azomethines, 568-570 
addition of Grignard reagent, 420, 
568 

addition of organolithium com- 
pounds, 569 
reduction, 569 

Azomethylene compounds, see Azome- 
thines 

o-Azophenol, behavior on heating, 129 
Azoxy compounds, 665-668 
Azoxybenzene, formation, 636, 666 
p-Azoxyphcnols, 6G6 

B 

Baeyer strain theory, 4 

Baeyer test for ethylenic linkage, 546 

Banistcrine, 1086 

Barbier-Wi eland degradation, 1240, 
1320, 1328, 1342, 1349, 1380 
Barbituric acid, 953, 965 
Barium compounds, see Organobarium 
compounds 

Bart reaction, arsonation by, 660 
preparation of stibonic acids, 475 
Bases, alkylation, 677 
definition, 1627 
strength, 804 

Beckmann rearrangement, 388-390, 686, 
700, 761, 766, 779, 780, 796-798, 
1081 

dihydrocodeinone oxime, 1081 
nitrones, 689 
second order, 687 
Behrend synthesis of purines, 967 
Belladonna alkaloids, 1047-1052 
Belladonnine, 1051 

Benzalacetophenone, additions to, 584- 


589 

1,2-Benzanthracene, structure, 106 
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Benzanthrone, addition of Grignard re- 
agent to, 110 

2, 3-Benz-9-an throne, equilibrium, 107 
Benzene, addition products, 68 
aromaticity, 52 
bond lengths, 59 
dimensions, 59 
heat of combustion, 53 
heat of formation, 54 
oxidation, 68 
ozonization, 69 
reduction, 9-10, 545 
resonance in, 1876-1877 
Benzene formulas, 55-67 
Armstrong-Baeycr, 61 
centric, 61 
centric-electron, 67 
Claus, 60 
Dewar, 60 
electronic, 65-66 
Kekule 56 
Ladenburg, 56-58 
para-bond, 59 
prism, 56-58 
tautomeric Kekule, 56 
Thiele, 63 

Benzenediazoic acid, 128 
Benzenediazonium chloride, structure, 
656 

Benzenesulfonhydroxamic acid, hydrol- 
ysis, 631 

hydroxarnic acids from, 691 
Benzenesulfonic acid, 114 
Benzidine rearrangement, 753, 791 
Benzilic acid rearrangement, 743, 744, 
756, 762, 768, 790-791 
a-Benzilmonoxirne, 388 
6-Bonzilmonoxime, 388 
Benzohydroxamic acid, formation, 625 
Benzohydryl rule, 451-452 
Benzoin oximes, effect of chelation in, 
1648 

Benzoins from aldehydes, 559 
Benzonitrile oxide, formation, 640 
Benzophenone-anil, reaction with or- 
ganometallic compounds, 458 
Benzopinacoldiphenyl ether, 518 
Benzopyrylium chloride, 1115 
Benzoylated sugars, preparation, 1428 


Benzylazide, rearrangement, 760 
Benzylcellulose, 1555-1556 
Berberal, 1069, 1070 
Berberine, 1068-1070 
Berberonic acid, 1069, 1091 
Beryllium compounds, optical isomer- 
ism of, 356; 6ec Organoberyllium 
compounds 
Betaine, 895 

occurrence as sugar derivative, 1485 
Betel alkaloids, 1037-1038 
Bile acids, 1299-1313 
Cio — CH;i group, 1309 
color reactions, 1305-1306 
conjugated, 1313 
derived. 1311 
formation, 1299-1300 
isolation, 1300 
m i seed la n eou s , 1311-1312 
molecular compounds of, 1309-1310 
natural, 1310-1311 
and deriv(‘d, 1301 
nomenclature, 1300-1302 
nuclear hydroxyl groups in, 1302-1304 
occurrence, 1299 

sterols, and related compounds, 1220- 
1398 

transformations of nucleus, 1306-1308 , 
unsaturated, 1304-1305 
Binary system, MgX 2 Mg, 419, 433; 

see Magnesious halides 
Biogencvsis of alkaloids, 1107-1112 
Biot law of rotatory dispersion, 1784 
/>.p'-Biphenylenebis-(diphenylmethyl), 
518 

Biphenyls, optical isomerism, 263-288 
resolution, 300 
synthesis, 297-300 
x-ray data, 267-269 
Bip^rid^ds, optical isomerism, 292 
Bipyrryls, optical isomerism, 293 
Biradicals, 518-520 
Birotation, 1413 

Bischler-Napieralski reaction, 1067 
synthesis of oxyberberine by, 1070 
2,3-Bisdesoxyglucose, 1503 
Bisexual hormones, 1385-1386 
Bismuth compounds, see Organobis- 
muth compounds 
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Bisnorcholanic acid, 1244 
Biuret, formation, 710 
Bixanthyl, 507 
Bixin, 1143, 1158 
Blanc rule, 16-17, 1240, 1242 
Boeseken method of determining abso- 
lute configuration in sugars, 1417 
Boiling points, 1719-1724 
calculated from atomic volumes, 1749 
from molecular weights, 1723 
correlation with structures, 1719, 1723 
equations for, 1723-1724 
relation to dipole moments, 1724, 
1749 

Bond, coordinate, 1601-1603 
covalent, 1600, 1856-1857 
electrostatic, 1856 
energies, 1624-1625 
ion-dipole, 1856 
ionic, 1600, 1607-1610, 1856 
metallic, 1856 
orbitals, 1859-1863 
polarizabilities, 1625-1627 
refractivities, 1626 

semi-valence and rearrangements, 801 
shared-electron-pair, 1 856-1857 
Bonding, types of, 800 
Boric esters of carbohydrates, 1481 
Born theory of optical rotation, 1789, 
1802-1803 

Boron compounds, optical isomerism, 
356; see Organoboron compounds 
Boys theory of optical rotation, 1789- 
1791 

von Braun degradations, 714-716, 1026- 
1027 

Brcdt rule, 48 

Bromarnidcs, rearrangement of, 744 
Bromination, addition-elimination 
mechanism, 116-119 
of phenanthrene, 115-119 
Bromine, addition to ethylenic linkage, 
548 

addition to quinones, 600 
addition to unsaturated acids, 591 
9-Bromophenan throne, 115 
Brown theory of optical activity, 1783- 
1784 

Brucine, 1093 


Brucinolic acid, 1095 
Brucinolone, 1095 
Brucinonic acid, 1095 
Bucherer reaction, 87 
Bufocholanic acid, 1308-1309 
Bufodesoxycholic acid, 1308 
Bufotalin, 1339, 1341-1342 
Bufotenine, 947, 1083 
Butadiene dibrornides, rearrangements 
of, 775 

Butyl alcohol and acetone fermenta- 
tion, 1532 

n-Butylcyclopentane, conversion into 
o-ethyltoluene, 53 
Butylene oxide sugars, 1424 
Butyric acid fermentation, 1532 


C 

Cadmium compounds, see Organocad- 
mium compounds 
Caffeine, 1003 

conversion to 1,3,7-trimethyluric acid, 
972 

demethylation, 971 
formation, 969, 979 
synthesis, 975 
Calciferol, see Vitamin Da 
Calcium compounds, see Organocalcium 
compounds 
Camphor, 8 

conversion to p-cymene, 53 
Camphor series, rearrangements in, 773 
Canadine, 1071 
Canaline, 931-933 
Canavanine, 931 
Cannizzaro reaction, 560, 704 
mechanism involving free radicals, 
540 

Capsanthin, 1143, 1157 
constitution, 1197-1198 
Capsorubin, 1143, 1157 
Carbamino acids, 874 
Carbamyl isocyanate, reaction with 
ammonia, 710 

Carbanions, optical activity, 308-319 
Carbides, 409, 439, 483 
Carbobenzoxyamino acids, 897 
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Carbohydrates, see Sugars 
cellulose, 1634-1594 
mono- and oligosaccharides, 1399- 
1476 

sugar derivatives, 1477-1533 
4-Carboline, 1084 
Carbon atom, asymmetric, 159 
pseudoasymmetric, 171 
tetrahedral, 158-159, 1859-1863 
Carbon dioxide, reaction with Grignard 
reagent, 422 

Carbon disulfide, reaction with Grig- 
nard reagent, 422 

Carbon monoxide, electronic theory of 
addition to, 1677-1678 
Carhonation of Grignard reagent, 422 
Carboniurn ions, optical activity of, 
319-327 

Carbonyl bridges, 595 
Carbonyl compounds, oxidation, 565, 
566 

Carbonyl group, 552-566 
determination in carotenoids, 1118 
effect on color of polyenes, 1179 
reduction, 553, 554 

Carboxyl group, determination in caro- 
tenoids, 1189 

effect on color of polyenes, 1179 
rates of esterification, 591 
Carbyl sulfate, isolation in sulfonation, 
550 

Carbylarnines, 705; see Isocyanides 
Cardiac aglucons, 1314-1339 
and toad poisons, 1314-1345 
interrelationship, 1332-1337 
lactone side chain, 1320-1323 
principal members, 1319 
squill aglucon, 1337-1339 
strophanthidin, 1323-1331 
structure, and physiological action, 
1343-1344 

from study of strophanthidin, 
1324-1331 

Cardiac glycosides, 1314-1318 
physiological potency, 1344 
principal members, 1316-1317 
sources, 1314 
Carnegine, 1110 
Carnosine, 939-940 


a-Carotene, 1139, 1143, 1155, 1156 
P-Carotene, 1139, 1143, 1154, 1156 
structure, 1193-1197 
Y-Carotene, 1139, 1154, 1156 
Carotenoid esters, determination, 1188 
Carotenoids, 1138-1218 
action of air on, 1183 
action of heat on, 1182-1183 
action of light on, 1178 
addition of halogen, 1186 
addition of hydrogen. 1186 
addition of maleic anhydride, 1187 
addition of oxygen, 1187 
aldehydic and ketonic groups in, 1188 
analysis, 1178-1189 
carbonyl group in, 1188 
Carr-Price color reaction, 1171 
chemical classification, 1152-1158 
chemical tests for, 1174 
color of, 1178 
color reactions, 1170-1173 
crystalline form, 1178 
definition, 1140 
detection, 1170-1178 
determination, 1170-1178 
of carboxyl groups in. 1189 
of constitution, 1178-1189 
double bonds in, 1185-1187 
formation in nature, 1160-1165 
function in living organism, 1165- 
1170 

general properties, 1178-1189 
hydroxyl groups in, 1187 
isolation, 1170-1178 
micro separation of, 1177 
microscopic examination, 1170 
molecular weight determination, 1178 
naturally occurring, 1142-1150 
nomenclature, 1140 
numbering, 1140 
occurrence, 1 158-1 165 
of undetermined constitution, 1152 
oxidation, 1183-1185 
ozonolysis. 1185 
phyto-, 1158 
polarimetric data, 1180 
purification, 1170-1178 
relation to other classes of com- 
pounds, 1214-1218 
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Carotenoids, separation, 1174-1178 

by capillary analytical method, 
1175 

by chromatographic adsorption, 
1175-1177 

spectroscopic analysis, 1173-1174 
spectroscopic observations, 1180-1182 
stereochemistry, 1189 
structural formulas, 1152-1158 
zoo-, 1159 

Carr-Price color reaction for caroten- 
oids, 1171 

Castor-bean alkaloid, 1039-1040 
Catalysis, comparison of chemical re- 
activity, 850-852 
mechanism, 850-852 
Catalysts, comparison of chemical re- 
activity, 851-852 

for esterification of cellulose, 1545, 
1547 

Cationoid activity, 1628 
Cellobiose, chemical properties, 1563 
determination of structure, 1464-1466 
Haworth formula, 1577 
Cellodextrins, 1561-1562 
Cellulose, 1534-1594 
acetals, 1553-1554 
acetate, 1545-1547 
action of HBr, 1564 
action of HCl, 1564 
action of hot alkalies, 1540 
action of Schweitzer’s reagent, 1540 
aging of, 1539-1540 
alkali fusion, 1540 

alkali metal derivatives, see Alkali 
cellulose 

amino derivatives, 1547-1548 
arrangement of micellae in, 1591 
association of molecules in, 1580-1581 
benzyl chloride derivative, 1555-1556 
catalysts for esterification, 1545-1547 
chemical constitution, 1567-1584 
chemical properties, 1536 
coal, 1565 

comparison with synthetic polymers, 
1580 

complex metallic salts, 1541 
copper-ethylenediamine, 1541 
cuprammonium, 1540-1542 


Cellulose, degradation, by acids, 115^ 
1565 

by biological processes, 1566-1567 
derivatives with organic bases, 1539 
destructive distillation, 1565-1566 
esters, 1542-1552 
ethers, 1552-1556 
ethylene oxide derivative, 1555 
fermentation of, 1566-1567 
fine structure, 1586-1592 
glycolic acid ether, 1554-1555 
hydrolysis by acids, 1559 
isolation and purification, 1535-1536 
mechanism of depolymerization, 1579 
methods of structure study, 1536- 
1537 

methyl and ethyl ethers, 1552-1553 
methylene ethers, 1553-1554 
microstructure, 1592-1594 
molecular weight, 1584-1586, 1737 
nitrate, 1543-1545 
oligosaccharides from, 1562-1564 
oxidation, 1556-1559 
regeneration from solution, 1541, 1542 
solvents for, 1542 
sources, 1535 

supermolecular forces in, 1586-1581 
synthesis of, by bacteria, 1581 
thermal degradation, 1565-1566 
triphenyl carbinyl ether, 1555 
type of linkage in, 1582 
viscosity of solutions, 1585 
x-ray structure studies, 1586-1592, 
1761 

Cellulose formulas, Hess, 1570 
Karrer, 1572 
present concept, 1583 
Tollens, 1568-1569, 1575 
Cellulose structure, Meyer and Mark 
concept, 1589-1590 
present concept, 1583 
Sponsler and Dore concept, 1688 
Cellulose xanthate, 1548-1652 
mechanism of formation, 1651 
preparation, 1548-1549 
properties, 1549-1550 
ripening, 1550 
Chain reactions, 1700 
in oxidation and reduction, 1697 
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Ch^an Su, 1340 
Chavicic acid, 1033 
Chavicine, 1033 
Chelate rings, 1637-1653 
aromatic compounds, 75 
polydentate, 1646-1647 
spirane types, 1640 
Chelation, 777, 1637-1653 
detection by absorption spectra, 
1770-1771 

in chemical reactions, 1649-1653 
orientation, effects of, 1647-1649 
Chemical reactivity, see Relative re- 
activity 

classification, 1627-1631 
comparison, 802-857 
by competitive reactions, 842-850 
by severity of conditions, 840 842 
effect of concentration on compari- 
son, 841-842 

interpretation of data, 852-857 
Chemical structure, correlation with 
optical rotation, 1803-1849 
in steroid group, 1261-1262 
Chemiluminescence, 421, 424 
Chenodesoxycholic acid, 1228 
hypobromite oxidation, 1261 
position of C; — OH group in, 1303 
Chitin, 1485 
Cbitobiose, 1547 
Chitosfimino, 1484-1485 
Chlorocodides, 1077 
Chlorogenin, 1354 

Chlorohydrins, ring contraction in 
Grignard reaction, 428 
Chloromorphides, 1077 
Chloroi)hyll, relation to organometallic 
compounds, 487 
Cholanic acid, 1244, 1299 
from bile acids, 1243 
from coprostane, 1231 
Cholatrienic acid, formation, 1231 
Choleic acids, 1309-1310 
Cholestadienes, 1280-1281 
Cholcstan-2,3-dione, 1274 footnote 
Cholestan-3,4-dione, 1274 
Cholestan-3,6-dione, 1274 
Cholestane, chair types of configuration 
in, 1252 


Cholestane, evidence in support of 
structure, 1253, 1254 
formation, 1231 
stereochemistry, 1251-1253 
Cholestanedione, 1238 
Cholestanedionol, 1238 
Cholestanetriol, 1238, 1239 
Cholestanol, 1268 
Cholestanone, 1380 
hydrogenation, 1257 
A'^-Cholesten-S.O-diol, 1269 
A"’‘^’-Cholesten-3.4-diol, 1269 
Cholestene, structural formula, 1241 
by reduction of cholesteryl chloride, 
1242 

Cholestenone, catalytic hydrogenation, 
1257-1258 

from cholesterol, 1239 
A^-Cholestenone, 1273, 1275-1277, 1278- 
1280 

A'^-Cholestenone, 1278, 1279 
Cholesterilene. 1280 
Cholesterol, 1277-1278 
catalytic hydrogenation, 1231 
Diels hydrocarbon from, 1233 
discovery, 1226 

formation of androsterone from, 
1380 

hydrogenation, 1257 
occuiTence. 1277 
old structure, 1229 
reaction with PCh or SOCh, 1259- 
1260 

relationship of hydroxyl group and 
double bond, 1236-1240 
size of ring D, 1242-1245 
size of rings A and B, 1240-1242 
stnicture, 1228, 1229 
f-Cholesterol. 1266, 1267 
structure, 1268 

Cholesteryl methyl ether, 1266 
Cholesteryl p-toluenesulfonate, acetyla- 
tion, 1267 

reaction with methanol, 1266 
a-Cholestyl chloiide, 1260 
P-Cholestyl chloride, 1260 
Cholic acid, dehydration. 1231 
dehydrogenation, 53, 1232-1233 
hypobromite oxidation, 1261 
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Cholic acid, 12-ketocholanic acid from, 
1236 

old structure, 1229 
position of Ci — OH group in, 1303 
structure, 1228, 1229 
Chondrosamine, 1484 
Chromatographic adsorption, purifica- 
tion of anthocyanins by, 1124 
separation of carotenoids by, 1175 - 
1177 

Chromatographic analysis, 1294 
Chromium compounds, see Organo- 
chromium compounds. 
Chromophore groups, resonance, 1888- 
1890 

Chrysene, from natural products, 1229, 
1233, 1234 
Cinchol, 1283, 1284 
Cinclioloiponic acid, 1057 
Cinchomeronic acid, 1058 
Cinchona alkaloids, 1050-1062 
Cinchonine, 1056 
Cinchoninic acid, 1057 
Cinchoninone, 1057, 1058 
Cinchotenine, 1059 
Cincotoxine, 1059 
Cinnamic acid, additions to, 584 
Cinnamic aldehyde, reaction with Grig- 
nard reagent, 584 
Cinnamylcocaine, 1055 
Cinobufagin, 1340 
Circular dichroism, 1782-1783 
Cfs-A®-androstenediol, 1377, 1382 
Cfs-isoandrostanediol, 1383 
Cfs-testosterone, 1377 
Cis-trans isomerism, 367-405 
in carbon-carbon double bond com- 
pounds, 369-383 

in carbon-nitrogen double bond com- 
pounds, 383-392 

in condensed ring systems, 401-403 
in cyclic compounds, 394-400 
in diphenoquinoncs, 369 
in ethylene series, 369 
in heterocyclic compounds, 400-401 
in oximes, 383-391 
in polyolefins, 382-383 
in terphenyls, 403-405 


Cis-trans isomers, determination of 
configuration in cyclic isomers, 
by absolute method, 398 
by physical properties, 396 
by relation to optical isomers, 395, 
397-398 

determination of configuration in 
ethylene isomers, by chemical 
behavior, 379-382 
by physical properties, 372-375 
by relation to acetylenes, 380-381 
by relation to cyclic molecules, 
386-388 

by relation to saturated com- 
pounds, 381-382 

determination of configuration in 
oximes, by Beckmann rearrange- 
ment, 388-390 
by physical properties, 390 
by relation to cyclic molecules, 
386-388 

by restricted rotation, 390 
interconversion of, in cyclic series, 
399-400 

in ethylene series, 375-379 
in oxime series, 390-391 
Citric acid fermentation, 1533 
Citrulline, 930-931 
Civetone, 41 

Claisen rearrangement, 76-77, 84-85, 
125-126, 747-749, 792-793, 1652 
Classification, of chemical reactivities, 
1627-1631 

of sugars, Rosanoff method, 1408- 
1411 

Claus formula for benzene, 60 
Cleavage, of amines, 713-716 
of cyclobutane ring, 38 
of cyclopropane ring, 36-38 
of di ketones by Ha 02 , 580 
of 1,3-diketones, 848-849 
of ethane bond by potassium, 507 
of ethanes by alkali metals, 513 
of unsymmetrical diarylmercury com- 
pounds, 849-850 
Clemmensen reduction, 553 
C-N bond, hydrolysis of, 617-618 
scission of, 713-716 
Coca alkaloids, 1052-1056 


Volume I, pages 1-858; Volume II, pages 859-1890. 



INDEX 


XXI 


Cocaine, 1052 
Cocamine, 1055 
Codamine, 1074 
Codeine, 1076 
Codeinone, 1078 

Colligative properties, definition, 1716 
Color, polyenes, effect of carbonyl on, 
1179 

effect of carboxyl on, 1179 
Color reactions, bile acids, 1305-1306 
carotenoids, 1170-1173 
sterols, 1271-1272 

thymine and 5-methylcytosine, 983 
uracil and cytosine, 983 
Color test, detection of organometallic 
compounds by, 413-414, 433 
Columbiurn compounds, see Organoco- 
luinbium compoimds 
Comparison of chemical reactivity, 
802-857 

Compensation, external and internal in 
optical isomers, 168 
Competitive reactions, 842-850 
alkyl halides and silver nitrite, 843- 
844 

cleavage of l,3Kliketones, 848-849 
cleavage of unsymmetrical diaryl- 
mercury compounds, 840-850 
formation of cyclopropane deriva- 
tives, 843 

functional groups with Grignard re- 
agent, 417-418, 433-434, 466 
pinacolone rearrangement, 844-847 
pyridine and alkyl bromides, 842-843 
two alcohols or amines with phenyl 
isocyanate, 847-848 
Condensation, Friedliinder, 1109 
Michael, 22-23, 26-27, 38 
of carbonyl compounds, 558-564 
of phenylhydrazones with aldehydes, 
696~fi98 

of unsaturatod compounds, cycliza- 
tion by, 11-13 

Condensation reactions of nitro-paraf- 
fins, 622-625 

Condensed ring systems, cis-^trans iso- 
merism in, 401-403 

Conductivities of organometallic com- 
pounds, 445-448, 476, 484 


Configuration, see Correlation of con- 
figurations 
octahedral, 157 
of sugars, notation, 1410 
planar, 158 
tetrahedral, 157 

Configurational isomerism of monosac- 
charides, 1402-1412 
Conhydrine, 1031-1032 
Y-Coniceine, 1031 
Coniine, 1030 

Conjugate addition, see 1,4- Addition 
Conjugated double bonds, influence on 
color, 1179 

Conjugated systems, 575-608 

addition of Grignard reagent to, 422- 
423 

addition of halogens to, 775 
crossed, 597-601 

in cyclopropane derivatives, 38 
long, 601-608 
resonance energy of, 1687 
Conjugation, effect on molecular re- 
fraction, 1741 
unsaturalion and, 542-608 
Constitution, of atoms, 1598-1600 
effect on properties, 1716-1718 
physical properties and. 1712-1778 
Constitutive properties, definition, 1716 
Convallatoxigenin, 1336-1337 
Convicine, 1001-1003 
Conyrine, 1030 
Coordinate bonds, 1601-1603 
Coordination complexes, 1635-1636 
with Grignard reagent, 425 
Copper compounds, see Organocopper 
compounds 
optical isomerism, 357 
Copper-ethylonediamine cellulose, 1541 
Copper silk, 1542 

Coprostane, bed types of configuration 
in, 1252 

evidence in support of structure, 
1253, 1254 
formation, 1231 
stereochemistry, 1251-1252 
Coprostanone, 1257-1258 
Coprosterol, formation, from choles- 
terol, 1231 
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Coprosterol, from coprostanone, 
1257 

occurrence, 1279 
oxidation, stepwise, 1245 
Corpus luteum hormone, 1367-1371 
Correlation of configurations, azido 
acids, 1829-1831 
a-halogeno acids, 1834-1842 
mercapto and sulfonic acids, 1831- 
1834 

a-substituted carboxylic acids, 1829- 
1842 

Corticosterone, 1393-1394, 1396 
Cortin, 1388 
Cotarnic acid, 1075 
Cotarnine, 1068, 1075 
Cotton effect, 207, 1784-1787 
Coupling reactions, addition-elimina- 
tion mechanism, 132 
anthranols, 103-104 
decomposition of organic compounds, 
455 

diazonium salts, 660-661 

Grignard reagents, 424-425 

hindrance, 134-135 

hydrocarbons, 136 

naphthols, 84, 90 

phenanthrols, 97 

phenol ethers, 133 

phenols and aromatic amines, 122 

tertiary amines, 132 

Ullmann, 456 

Wurtz-Fittig, 425, 452-454, 456 
Covalence maxima, rule, 1603 
Covalent bond, 1600, 1856-1857 
ionic character, 1858-1859 
2-Covalent hydrogen, chelation, 1638 
examples, 1604 
in dyad systems, 1706 

2- Covalent iodine, 1613 

3- Covalent iodine, 1613 
Creatine, 891-892 
Creatinine, 893-894 
Crocetin, 1144, 1158 
Crocin, 1150, 1158 

Crum Brown theory of optical activity, 
1783-1784 

Cryptoxanthin, 1144, 1156 
Crystal radii of ions, 1657 


Crystals, asymmetric, 156 
Cuprammon rayon, 1542 
Cuprammoniura cellulose, 1540-1542 
Cupreine, 1062 
Cuprotenine, 1059 

Curtius rearrangement, 656, 692, 759, 
762, 779, 780 
Cuscohygrine, 1042 
Cuspareine, 1062 
Cusparine, 1062-1063 
Cyanic acid, 710 
Cyanides, see Nitriles 
Cyanidin, 1116-1117 
a-Cyanocinnamic ester, addition of 
Grignard reagent to, 599 
Cyanogen bromide cleavage of amines, 
714 

Cyanogen radical, 529 
Cyanohydrin formation, rates, 807-810 
Cyanohydrin sugars, preparation, 1405 
Cyanohydrins, stability, 809-810 
Cyclic compounds, 232 
cis-trans isomerism, 234, 394-400 
intermediates in rearrangements, 723- 
745 

optical isomerism, 232-242 
Cyclic ketones from pyrolysis, 13-16 
Cyclic structure, effect on molecular 
refraction, 1742 

Cyclization, by Bischler-Napieralski 
reaction, 1067, 1070 
by elimination of hydrogen halides, 
21-23 

by Wurtz-Fittig reaction, 10, 11 
Diels-Alder, 12-13 
Diels hydrocarbon by, 1234-1235 
formation of alicyclic compounds, 
10-32 

1,2-CycloaIkanediols, reactions, 43-45 
Cycloalkanediones, formation, 14-15 
Cycloalkanes, properties, 39-40 
Cycloalkanols, 43 

Cycloalkanones, chemical properties, 
40-42 

Cyclobutane, cleavage, 38 
Cyclodehydration, 27-28 
Cyclohexanone-4-carboxylic acid, iso- 
merism of oxime, 386 
Cyclooctatetraene, 64 
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Cyclooctatetraene, unsaturated ah cyclic 
nature, 47 

Cycloolefins, properties, 47-49 
Cyclopentadiene, polymerization, 12 
Cyclopentanoperhydrophenanthrcne, 
1222 

Cyclopen tanoperhydrophenanthrene 

group, 1220-1398; see Steroid 
group 

Cyclopropane, cleavage, 36-38 
in rearrangements, 728, 733-736, 755 
Cyclopropane derivatives, formation in 
competitive reactions, 843 
7)-Cymene, formation from camphor, 
53 

Cynthiaxanthin, 1144 
(^ysteic acid, 914 
Cysteine, 912-918 
Cystine, 912-918 
Cytidine, structure, 1006 
Cytosine, formation, 961, 963 
in nucleic acids, 1000 
occurrence, 1001 
structure, 980 
test for, 983 

D 

Darzcns reaction, 119 
Dearrangement of nitrourea, 633 
Decker reaction, 1088 
Degradation, Barbier-Wieland, 1240 
von Braun, 1026-1027 
Erndc, 1025-1026 
Hofmann, 713, 1024-1025 
of desoxycholic acid, 1245-1248 
of lithocholic acid, 1245 
of sugars, methods, 1407-1408 
Wallach, 35 

Wieland (Barbier-Wieland), 1240 
Dehydroandrosterone, 1373, 1374, 1382 
7- D( y d roch o les tero 1 , 1 293-1 294 
Dehydrodesoxycholic acid, 1245 
Dehydroergosterol, 1298 
Dehydrogenation, with mercuric ace- 
tate, 1298 

with organometallic compounds, 451 
with palladium, 1232, 1365 
with platinum, 1288 
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Dehydrogenation, with selenium, 1232- 
1233, 1235, 1236, 1290, 1297-1298, 
1340, 1345, 1349, 1354, 1360, 1362 
with zinc, 1360 

Dehydrolumisterol, 1290, 1298 
Dehydroneoergosterol, 1360 
Dehydrophenols, 526-528 
7-Dehydrositosterol, 1295 
Dehydrosterols, 1270-1271 
7-Dehydrostigniasterol, 1295 
Delphinidin, 1116-1117 
Demjanow rearrangement, 32-33, 43 
Density of organic compounds, 1730- 
1735 

Depolymerization of cellulose, 1579 
Derived sugars, 1488-1507 
Desoxy sugars, 1501-1503 

2- , 1451, 1501 

3- , 1501 
6-, 1502-1503 
2,6-, 1451-1454 

Desoxyadenosine, structure, 1006 
Desoxybilianic acid, 1245 
Desox3^cholic acid, 1228, 1236 
degradation, 1245-1248 
structure of acid CiaHatOo, 1248- 
1250 

2-Desoxygluconic acids, preparation of, 

1501 

2-Desoxy-c/-ribose, occurrence in nu- 
cleosides, 1005 
2-DesoxystyracitoI, 1503 
Desoxy vasicine, 1106, 1110-1111 
Destructive distillation of cellulose, 
1565-1566 

Detection of unsaturation by nitrorne- 
thane, 629 
Deuterium, 1646 
Dewar formula for benzene, 60 
Diacetoneglucose, establishment of 
structure, 1424-1426 
Diacetylpseudoglucal, 1500 
Diacylanilines, rearrangements, 753 
Dialkylbixanthyls, 512-513 
Dialklyhydroxylamines, 683-684 
N,N-DialkyIhydroxylamines, 617 
oxidation, 688 

Dialuric acid, formation, 966 
Diarylacetylhydrazyl, 625 
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Diarylacylmethyls, 513-614 
tautomerism, 514 
Diarylalkylmethyls, 609-613 
Diarylamino radicals, 523-524 
Diarylbenzoylhydrazyl, 525 
Diary] carboxym ethyls, 514-515 
Diary Icyanomethyl radicals, 515 
Diaryldisulfides, 523 
Diarylhydroxymethyls, 515-518 
Diarylrnethyls, 507-509 
Diary Initrogen oxides, 525-526 
Diary Initrogen radicals, formation, 695 
Diarylperoxides, 526-528 
Diarylureas, formation, 665 
Diastereoisomers, formation, 166-167 
properties, 165 
relationship of, 165 
resolution by, 189-193 
Diazides, rearrangement of, 760 
Diazo anhydrides, formation, 657 
Diazo compounds, aliphatic, 645-656 
addition to unsaturated esters, 591 
mesomeric effects, 1682 
aromatic, 656-664 
structure, 644 
Diazoacetic ester, 645, 694 
ring compounds from, 31-32 
Diazoamino compounds, 665 
Diazoarainobenzcne, rearrangements, 
131 

Diazoaminomethane, 665 
Diazomethane, 646-656 
addition to ethylenic! linkage, 552 
addition to quinones, 600 
formation, 644, 645 
methylation of nitroparaffins by, 628 
reaction with acid chlorides, 655 
reaction with ketones, 654 
ring expansion by, 35~36 
Diazomethane types, reaction with 
nitroso compounds, 688 
Diazonium cations, electronic theory of 
addition to, 1677 

Diazonium compounds, aromatic, ad- 
dition to dienes, 579 
Diazonium perhalides, formation, 662 
Diazonium salts, coupling with amines, 
660 

coupling with nitroform, 661 


Diazonium salts, reaction with oci- 
nitroparaffins, 662 
reaction with phenylhydrazine, 664 
reactions, 683 

Dibenzalpropionic acid, bromination of, 
599 

1.2.5.6- Dibenzanthracene, 106 

2.3.6.7- Dibenzanthracene, 520 
Zin .-Dibenzanthracene, 107 
Dibenzylbutadiene, formation from 

diphenylhexatriene, 79 
9,10-Dibromo-9,10-dihydrophenan- 
threne, 98 

loss of HBr from, 115 
Dibromotyrosine, 910 
2,6-Dichloropyrimidine, 963 
Di- ( P,p-diphenyl vinyl ) -methyl, 512 
Diels acid, 1243 

Diels hydrocarbon, from cardiac aglu- 
cons, 1320 

from digitalis saponins, 1345 
from gitogenin and sarsasapogenin, 
1349 

from pseudobufotalin, 1340 
from solanidine, 1354 
from vitamin Da, 1298 
stmcture, 1230-1231 
syntheses, 1234-1235 
Diels- Alder reaction, 102, 593-596, 672 
cyclization by, 12-13 
electronic theory, 1692-1693 
formation of endocyclic bridges by, 
46 

Diene reactions, 1687 
coupling, 1687 
with triphenylmethyl, 1687 
Diene synthesis, see Diels-Alder reac- 
tion 

Dienes, 576-579 

1,2-, 1681 

addition of alkali metals, 577 
addition to quinones, 600 

1,3-, polymerization of, 1686 
reaction with diazomethane, 651 
reduction, 576 

Dienoid systems, 1,2-, 1681-1684 

1,3-, 1684-1689 

Digitalis sapogenins, 1345-1355 
Digitalis saponins, 1346-1347 
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Digitogenin, 1351-1353 
Digitoic acid, 1351-1352 
Digitonides, insoluble, 1259, 1333, 1346, 
1350, 1353, 1363, 1394 
Digitonin, 1259, 1345-1346 
Y-Digitoxanol diacid, 1320, 1332 
Digitoxigenin, 1320, 1332 
Digitoxin, 1343 
Digoxigenin, 1333 
Digoxin, 1344 

Dihydrocholesterol, formation, 1231, 
1257 

oxidation of acetate, 1373 
structure, 1241 
17-Dihydroequilenin, 1365 
Dihydrofollicular hormone, see Estra- 
diols 

Dihydrogitoxigenin, 1327 
mutarotation of, 1334 
Dihydroglucal, 1503 
Dihydronaphthalenes, 94 
Dihydropseudoglucal, 1503 
Dihydrostrophanthidin, 1326 
reaction with HCN, 1330 
Dihydrotestosterone, 1383 
Dihydrouracil, 965 
Dihydrovitamin A, 1199 
Dihydroxamic acid, preparation, 694 
Dihydroxyacetone, conversion to glyc- 
eraldehyde, 1510 

2, 6-Dihydroxy anthracene, broinination, 
103 

Dihydroxycholenic acid, 1304 

2,3-Dihydroxynaphthalenc, behavior on 
oxidation, 91 

Dihydroxyphenylalanine, 909 
Diiodotyrosine, 910 
7,12-Diketocholanic acid, 1255 
Diketones, P-, enolization, 816-818 
U-, 580 

1.3- cleavage competitions, 848-849 

1.4- , unsaturated, 602 

by cleavage of ionone rings, 
1184 

Dilituric acid, 966 

Dimerization of a,0-unsaturated car- 
bonyl compounds, 585 
Dimerizing addition, of metals to ole- 
fins, 442, 459 


Dimerizing addition, organometallic 
compounds to olefins, 451 
p-Dimethylaminoazobcnzene, 131 
Dimethylglycine, 894 
Dimethyl-m-toluidine, coupling, 134 
Diose, structure, 1446-1447 
Dioxypyrimidines, 964 
hydrogenated, 965 

Diphenoquinones, cis^trans isomerism 
in, 369 

Diphenyl sulfone, 114 
9,10-Diphenylanthracene, biradical, 520 
Diphenylbutadiene, behavior toward 
HBr, 78 

1,4-, reduction, 93 

Diphenylchloromethanes, rates of reac- 
tion with alcohols, 833-834 
a,a-Diphenylethylene, bromination, 115 
nitration. 111 

Diphenylhexatriene, comparison with 
benzene, 79 

Diphenyliodonium stilts, 1613 
Diphenylketene, addition to a,'P-un- 
saturated aldehydes and ketones, 
586 

reaction with Grignard reagent, 430 
reaction with nitrones, 690 
sjm thesis, 649 

Diphenylnitrogen oxide, preparation 
and reactions, 643 
Diphenylphenoxymethyls, 518 
Diphenylpolyenes, stability toward oxi- 
dation, 78 

Dipolar ions, amino acids, 866-868 
Dipole moment, 1747-1757 
alternation in homologous series, 1756 
aromatic compounds, 75 
effect of branching of the hydrocar- 
bon chain, 1752 
factors for calculation, 1755 
relation to association, 1750-1751 
relation to boiling point, 1724, 1749 
Dipyrrylbenzenes, optical isomerism of, 
294 

Directive influence of substituent 
groups, 140-149, 1881-1885 
Disaccharides, structure, 1457-1473 
table of common, 1458 
Dispersion, abnormal, 210 
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Dispersion, anomalous, definition, 1799 
complex, definition, 1799 
normal, 210 

rotatory, 210, 1779-1849 
simple, definition, 1799 
Displacements, electromeric, 1615 
inductive, 1616 
Disproportionation, 1694 
of free radicals, 415 
of organometallic compounds, 479, 
481-485 

Dissociation, constants of acids, 805 
Grignard reagents, 432-433 
of ethane bond, effectiveness of 
groups in promoting, 512 
of hexaarylethanes, 504-506 
to free radicals, theories, 533-535 
Divicine, 1001 
Divinylacetylene, 568 
Djenkolic acid, 917 
Donaxine, 10§3 

Double bonds, conjugated, influence on 
color, 1179 
cumulative, 572-574 
determination in carotenoids, 1185- 
1187 

twinned, 572-674 
Drude formulas, 1787-1788 
application, 1798-1801 
Dyad systems, 1705-1707 
Dyes, triphenylmethane types, 697 

E 

Ecgonine, 1052, 1108 
Echinenone, 1145 
Effective nuclear charge, 1600 
Electric moment, definition, 1748 
Electrolysis, organometallic compounds, 
478-479 

Electromeric, displacements, 1615 
effect, resonance, 1883 
effects, 1617-1619 
polarizabilities, 1619 
Electron affinity of free radicals, 531 
Electron diffraction, 1762-1764 
Electron displacements, 1613-1622 
Electronegativity, Pauling scale, 1625 
series of radicals, 849-850 


Electronic concept, of rearrangements, 
762-767, 778-799 
of valence, 781, 1595-1711 
Electronic configurations, inert gases, 
1599 

organic molecules, 1605-1613 
Electronic structures, abridged, 616 
atoms, 1851-1855 
nitrogen compounds, 613-616 
Electronic symbols, 1607 
Electronic theory, aromatic substitu- 
tion, 144 

Electrophiles, 1629 
Electrostatic bond, 1856 
Emde degradation, 1025-1026 
Emmenin, see Estriol 
Enantiomorphs, interconversion, 196- 
200 

production, 162 
properties, 163 
relationship, 162, 163 
separation, 187-196 

Endoantluacene maleic anhydride, 102 
Endoethylenic bridges, 594 
Enediols, 1441 

Energy, of activation, free radicals, 
530-532 

of dissociation, free redicals, 530-532 
Enolic structure, sugars, 1441-1443 
Enolization, alkaline rearrangements of 
sugars, 1511-1515 
carbonyl compounds, 563 
equilibria in, 816-818 
Entemann-Johnson series, relative re- 
activities of functional groups, 
417-418, 420, 427, 461 
Entropy, organic compounds, 1742-1745 
Enynes, 576-579 

Enzymes, free radical concept, 540 
Ephedra bases, 1028-1030 
Ephedrine, 1029-1030 
^pfallocholesterol, 1280 
Epiai/opregnanolone, 1376 
Epichitosamine, 1484 
Epzcholesterol, 1278, 1382 
Epicoprosterol, from cholesterol, 1231 
from coprostanone, 1257 
oxidative degradation to lithocholic 
acid, 1302 
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^pidehydroandrosterone, formation, 
1382 

£fpidihydrocholesterol, 1257, 1380 
formation from cholesterol, 1231 
formation through Walden rear- 
rangement, 1260 
oxidation of acetate, 1373 
Epimerization, sugar acids, 1510 
Epimers, definition, 1404 
synthesis, 1406-1407 
J 5 /pmeoerg 08 terol, molecular rotation, 
1261-1262 
Epoxides, 546 

from a,P-unsaturated ketones, 584 
Equilenin, 1365 

Equilibria, enolization, 816-818 
esterification and alcoholysis, 821-823 
formation of acetals, 823-826 
formation hernimercaptals, 818 
formation of semicarbazones, 826-830 
Grignard reagents, 414, 419, 427, 429, 
432-433 

HCN with aldehydes and ketones, 
807-810 

organornetallic compounds, 414, 419, 
427, 429, 432-433, 458, 460, 464, 
481, 482 

three-carbon tautomerism, 818-821 
Equilibrium constants, reliability, 838- 
840 

Equilin, 1365 
Ergine, 1100 
Ergobasine, 1099 
Ergoclavine, 1100 
Ergometrine, 1099 
Ergometrinine, 1099 
Ergonovine, 1099 
Ergostadienetriol, 1289 
Ergosterol, isomerization, 1289 
occurrence, 1285 
ozonization, 1267 
structure proof, 1285-1289 
Ergostetrine, 1099 
Ergot, 1099 

Ergot alkaloids, 1099-1103 
Ergotamine, 1099 
Ergotaminine, 1099 
Ergothioneine, 939 
Ergotinine, 1099 


Ergotocine, 1099 
Ergotoxine, 1099 

Erlenmeyer synthesis, phenylalanine, 
888 

Erythro salts, 640-641 
Eschweiler reaction, hygrine, 1041 
Esere thole, 1086-1087 
Eserine, 1086-1090 
Eseroline, 1086-1087 
Esterification, equilibria and rates, 821- 
823 

mechanism, 823 
Esters, doubly unsaturated, 605 
inorganic, reaction with Grignard re- 
agent, 424-426 
of sugars, 1478-1483 
reaction with Grignard reagent, 417, 
419-420, 424-426 

tautomerism of unsatiiratcd, 818-820 
a.p-unsaturated, 589-593 
a-Estradiol, 1259 footnote, 1355, 1356, 
1363-1364 

P-Estradiol, 1259 footnote, 1363-1364 
Estrane, 1358 
Estrin, see Estrone 
Estriol, 1360-1363 

Estrogenic compounds, synthetic, 1365- 
1367 

Estrogenic hormones, 1350-1367 
content of urines, 1357 
correlation with sterols, 1360-1363 
general properties, 1358-1360 
isolation, 1357-1358 
occurrence, 1356-1357 
principal members, 1359 
structure, 1360-1365 
Estrone, 1360-1363 

Ethers, rearrangements, optically ac- 
tive, 794 

phenolic, 747-749, 792-793 
Ethionic acid, isolation in nitration, 
113, 550 

Ethyl radical, 520-522 
17-Ethylandrostanediol, 1381 
Ethylene, nitration, 110, 112 
sulfonation, 113 

Ethylene oxides, formation, 651-653 
rates of rearrangement, 739 
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Ethylene oxides, rearrangements in- 
volving, 736-739, 787-788 
Ethylenic double bond, 544-652 
conjugation with nitrile, 596 
conjugation with nitro group, 596 
oxidation, 545 
reduction, 545 
relative reactivity, 591 
rotatory dispersion, 1811-1813 
Ethylisopropylacetaldehyde, 1267, 1283 
P-Ethylquinuclidine, 1058 
o-Ethyltoluene, formation from n-bu- 
tylcyclopentane, 53 
EtioaZZobilianic acid, 1349 
EtioaZ/ocholane, 1376 
EtioaWocholanic acid, 1320, 1321, 1349 
EtioaZZocholanones, 1268 
Etiobilianic acid, 1244 
formation from sarsasapogenin, 1353 
selenium dehydrogenation, 1360 
Etiocholanic acid, 1244, 1320 
from sarsasapogenin, 1349 
Etiocholanone, 1244 
Etiocholyl methyl ketone, 1244 
Clemmensen reduction, 1282 
p-Eucaine, 1055 
Euglenarhodone, 1145, 1158 
p-Euionone, synthesis, 1201 
Exhaustive methylation, 713, 1024-1025 

F 

Fats, relation to carotenoids, 1216 
Fenton degradation of sugars, 1407 
Fermentation, alcoholic, 1525-1531 
butyl alcohol and acetone, 1532 
butyric acid, 1532 
by Acetobacter suhoxydans, 1533 
by Acetobacter xylinum, 1533 
citric acid, 1533 
of cellulose, 1566-1567 
of sugars, 1525-1533 
propionic acid, 1532 
xylose, 1633 

Ferric chloride, structure, 1645 
Fischer synthesis of purines, 969 
Flavianic acid, 986 

Flavins, relation to carotenoids, 1218 
Flavone, 1131 


Flavones, 1130-1137 
as dyes, 1130 
degradation, 1133-1134 
formation, 1135 
natural occurrence, 1130 
properties, 1131-1132 
representative pigments, 1132-1133 
synthesis, 1134-1137 
Flavonol, 1131 
Flavoxanthin, 1145, 1166 
Flavylium salts, 1115 
Flavylium chloride, 1116 
Follicular hormone, see Estrone 
Follicular hormone hydrate, see Estriol 
Formazyl, 664 
Free energy factors, 1745 
Free radicals, 489-541; see entries of 
specific radicals 
alkyl, 520-523, 1700 
as reaction intermediates, 305, 535- 
541 

detection, 473 
diary Ini trogen, 695 
disproportionation, 415 
electron affinity, 531 
electronic structure, 495 
electronic theory, 1698-1704 
energies, of activation, 630-532 
of dissociation, 530-532 
formation, from azo compounds, 669 
in oxidation of phenols and amines, 
815 

in reaction of Grignard reagent and 
organic halides, 425 
in rearrangements, 754-778 
in Wurtz-Fittig reaction, 462-464 
heat of dissociation, 530-531 
identification, 407 
in oxidation and reduction, 1697 
mechanism of oxidation, 539-640 
optical isomerism, 303-307 
organometallic types, 478-481 
Paneth technique, 520-622 
reaction with metallic mirrors, 466 
resonance, 1886-1888 
theories of formation by dissociation, 
533-636 

Free valences in rearrangements, 768- 
769 


Volume I, pages 1-658; Volume II, pages 859-1890* 



INDEX 


XXIX 


Fresnel prism, 205 
Friedel-Crafts reaction, 114-121, 651 
azobenzene in, 669 
catalysis in, 852 
mechanism, 114-121, 466-467 
phenanthrene, 98 
Friedlander condensation, 1109 
Fries rearrangement, 762, 793 
effect of chelation in, 1648 
Fries rule, 92, 97, 103 
d-Fructofuranose, establishment of 
structure, 1473 

Fructose, tautomeric forms, 1445 
Fucosterol, 1283, 1284 
Fulvenes, preparation, 47 
Functional groups, relative reactivity, 
417-418, 420, 427, 461, 466 
Furanose ring structure, establishment, 
1424-1430 

Furoxans, formation, 640 
Fur tonic acids, 1524-1525 
Fused ring systems, 243-251 
cis-trans isomers in, 244 
optical isomers in, 245 

G 

Galipine, 1062-1063 
Galipoidine, 1062 
Galipoline, 1063 

Gallium compounds, see Organogallium 
compounds 
Gamabufagin, 1342 
Geneserine, 1089-1090 
Gentiobiose, structure determination, 
1467-1470 

Geometric isomerism, 367-405 
Germanium compounds, see Organo- 
germanium compounds 
Girard’s reagent T, 1357 
Gitogenic acid, 1351-1353 
Gitogenin, 1351 
Gitonin, 1346, 1347 
Gitoxigenin, 1333-1335 
Glaucine, 1112 
Gluconic acid, 1510 
Glucose, Haworth formula, 1424 
tautomeric forms, 1445 
a-GIucose, formula, 1417 


d-Glucose, structure development, 
1400-1402 

synthesis from elements, 1404 
aldehydo-d-Glucose pentaacetate, 1435 
Glucose-3-phosphate, 1479 
Glutamic acid, 895-898 
Glutamine, 896-898 
Glycals, 1497-1501 
isomerization, 1499-1500 
oxidation by perbenzoic acid, 1498- 
1499 

Glyceraldehyde, conversion to dihy- 
droxyacetone, 1510 
synthesis, 1411 

Glycine and derivatives, 889-895 
Glycocyamidine, 890-891 
Glycocyamine, 890 
Glycolcellulose, 1555 
Glycols, dehydration, 736 
optically active, rearrangements, 740, 
742* 

rearrangements, 726, 737, 740, 742, 770 
a-Glycosans, 1488-1491 
Glycose, definition, 1418 
Glycoseens, 1493-1497 
Glycosides, 1454-1457 ; see Cardiac 
glycosides 

Glycuronic acids. 1447-1450 
Gnosc’opine, 1076 

Gold compounds, see Organogold com- 
pounds 

Gomberg-Bachmann binary system, 
MgXsd- Mg, 419, 433; see Mag- 
nesious halides 
Gramine, 1083 
Granataninc, 1034 

Grignard reaction, cyclization by, 28- 
29 

mechanism, 537-538 
rearrangements, 431-432, 784-786 
Grignard reagents, 412-435; see Mech- 
anism of reactions 
abnormal reactions, 1649-1651 
1,4-addition to aromatic compounds, 
80 

addition to azomethines, 568 
addition to benzanthrone, 110 
addition to conjugated systems, 422- 
423 
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Grignard reagents, addition to o-cyano- 
cinnamic ester, 599 
addition to diazo compounds, 648 
1,6-addition to fuchsone analogs, 605 
addition to a,P-unsaturated alde- 
hydes and ketones, 581 
addition to a,p-unsaturated carbonyl 
compounds, 598 

addition to unsaturated 1,4-diketones, 

604 

addition to unsaturated nitro com- 
pounds, 597 

addition to a,P-unsaturated systems, 
electronic theory, 1690 
carbonation, 422 

characterization by isocyanates, 421 
cleavage by active hydrogen com- 
pounds, 415-416 
cleavage by halogens, 416-417 
cleavage by hydrogen, 415 
competitive reactions with functional 
groups, 417-418, 433-434, 466 
constitution, 1658 
coupling reactions, 424-425 
dissociation, 432-433 
electronic theory, 1654 
equilibria, 414, 419, 427, 429, 432- 
433 

formation of free radicals in reac- 
tions, 425 

ionization, 431, 432 
mechanism of reaction, 1636, 1673 
oxidation, 423-424 

preparation from triarylmethyls, 498 
reaction, with carbon dioxide, 422 
with carbon disulfide, 422 
with carbonyl compounds, 556 
with esters, 417, 419-420, 424-426 
with inorganic esters, 424-426 
with inorganic halides, 427 
with inorganic salts, 426 
with isocyanates, 421, 1683 
with isothiocyanates, 421 
with ketenes, 430, 573, 1683 
with metals, 426 
with monochloroamine, 785 
with nitriles, 420, 570 
with nitro group, 421 
with nitrobenzene, 421 
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Grignard reagents, reaction, with 
nitrosobenzene, 636-637 
with nitrosyl group, 420 
with non-term inal cumulated un- 
saturation, 421 
with oxygen, 423-424 
with selenium, 424 
with sulfur, 423-424 
with sulfur dioxide, 422 
with tellurium, 424 
with terminal cumulated un- 
saturation, 421 
with thionylamines, 421 
reduction by, 554 
reduction of chloral, 429 
ring contraction, of alicyclic oxides, 
427-430 

of chlorohydrins, 428 
Guanidine, 711, 712 

Guanine, occurrence in nucleic acids, 
1003 

synthesis, 974 
Guanosine, 1004 
Ouvaciiie, 1038 
Guvacoline, 1038 

Guye theory of optical activity, 1783- 
1784 

H 

Halides, reaction of inorganic with 
Grignard reagent, 427 
rotatoiy dispersion, 1823-1828 
Halochromisrn, 581 

Halogen acids, addition to dienes and 
enynes, 578 

addition to ethylenic linkage, 549 
Halogenation, aromatic compounds, 
114-121 

naphthols, 87-89 
nitroparaffms, 625 
Halogens, addition to dienes, 578 
addition to ethylenic linkage, 547, 
548 

l-Halo-2-naphthols, diazo ethers from, 
130 

Hammarsten reaction, 1306 
Harmala alkaloids, 1084-1086 
Harmaline, 1084-1086 
I Harmalol, 1084 
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Harman, 1085 
Harmine, 1084 
Harminic acid, 1084 
Haworth cellobiose formula, 1577 
Haworth glucose formula, 1424 
Heat, of combustion, benzene, 64 
constants, 1746 

influence of steric effects, 1746 
of crystallization, 1719 
of dissociation of free radicals, 530- 
531 

of formation of non-polar bonds, 
1746 

of hydrogenation, 
benzene, 54, 1687 
dienes, 1687 
hydrocarbons, 1747 
olefins, 1687 

of vaporization, homologous series, 
1723 

Heat content of organic compounds, 
1743 

Holenion, 1150 

Hemiacx'tals from aldehydes, 559 
Hcmirnercaptal formation, equilibria, 
818 

Hemipinic acid, 1066, 1069 
Hemlock alkaloids, 1030-1032 
Hemoglobin, relation to organometallic 
compounds, 487 
Heptanose ring structure, 1440 
Heroin, 1077 

Hess cellulose formula, 1570 
Heterocyclic compounds, cis^trajis 
isomerism, 400-401 
resonance, 1880-1881 
structures of aromatic, 62 
Hetero-enoid systems, 1679-1680 
Hexaarylethanes, dissociation, 504-506 
Hexaarryllead compounds, 529 
Hexaar^^ltetrazanes, dissociation, 524- 
625 

Hexahydroestrones, 1363 footnote 
Hexahydropyrimidine, 954 
formation, 958 

Hexamethylbenzene, x-ray analysis, 68 
Hexaphenylethane, dissociation, 491 
heat of dissociation, 630 
Hexuronic acid, 1503-1504 


Hippulin, 1366 

Hippuric acid, condensation with 
benzaldehyde, 888 
Hirsutidine, 1116-1117 
Histamine, 938 
Histidine, 933-940 

Hofmann degradation, 713, 1024-1025 
Hofmann reaction, 964 
Hofmann rearrangement, 744, 759, 762, 
765, 779, 780, 782 
Hollernan theory, 143 
Homatropine, 1048 
Homocystinc, 920-921 
Homohygrinic acid, 1042 
Homoisopilopic acid, 1104 
Horbaczewski synthesis of purines, 967 
Hordenine, 1064 
Hudson lactone rule, 1419 
Hudson rule, for designating a,P- 
isomers, 1417 
of isorotation, 1419 
Hydantoic acids, 874 
Hydantoins, 873, 874, 886 
Hydramine fission, 1059 
Hydrastal, 1067 
Hydrastic acid, 1067, 1069 
Hydrastine, 1065 
Hydrastinine, 1066-1068 
Hydrastis alkaloids. 1065-1070 
Hydrates of carbonyl compounds, 559 
Hydrazide rule of Levene and Hud- 
son, 1420 

Hydrazides, formation, 681 
Hydrazine, 694-696 
addition to unsaturated aldehydes 
and ketones, 587 
formation, 639 

synthesis of diazomethane from, 646 
Hydrazines, formation, 659, 717 
reactions, 677-683 
Hydrazino compounds, 671 
Hydrazobenzene, rearrangement, 753 
Hydrazoformhydroxamic acids, reac- 
tions, 661 

Hydrazones, formation, 558 
oxidation, 645 
reactions, 569 

Hydrides, metallic, 409, 439, 486 
organometallic, 470 
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Hydroaromatic compounds, 2 
Hydroberberine, 1070 
Hydrocarbons, ali cyclic, 1-51 
aromatic, structure and reactions, 52- 

149 

coupling of aromatic, 136 
rotatory dispersion, 1804-1805 
synthesis of higher, 1192-1193 
Hydrocellulose, 1559-1561 
Hydrocinchonidine, 1061 
Hydrocinchonine, 1061 
Hydrocotamine, 1068, 1075 
Hydrogen, acidic, 447-452 
active, 447-452 
addition, see Reduction 
1,6-addition, 601, 606 
2-covalent, chelation, 1638 
examples, 1604 
Hydrogen azide, 698-701 
formation, 703 
Hydrogen bond, 1609, 1706 
detection by electron diffraction, 1764 
in amine-hydrates, 1609 
Hydrogen chloride, addition to qui- 
nones, 600 

Hydrogen cyanide, addition to azome- 
thines, 569 

addition to carbonyl compounds, 555 
addition to iinsatiirated aldehyd(‘s 
and ketones, 587 

addition to imsatiirated esters, 590 
rate of reaction with aldehydes and 
ketones, 807-810 

Hydrogen peroxide, action on un- 
saturated carbonyl compounds, 

584 

Hydrogenation, see Reduction 
Hydrohydrastinine, 1067 
Hydrolysis, cellulose, 1559 
C-N bond, 617-618 
lactones, rate studies, 1433 
nitriles, 618 
S-N bond, 631-632 
Hydroquinidine, 1060, 1061 
Hydroquinine, 1060, 1061 
Hydroxamic acids, 691-694 
alkylation, 678. 693 
formation from hydroxylamine, 630 
hydrolysis, 617 
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Hydroxamic acids, reaction with diaso- 
methane, 649 

rearrangement of substituted, 744, 
762 

Ilydroximic chlorides, reactions, 691- 
692 

|3-3-Hydroxya/^ocholanic acid, 1268 
Hydroxyanthronyls, 518 
Hydroxyazo compounds, structure, 671 
3-Hydroxycholanic acid, see Lithocholic 
acid 

9-Hydroxy codeine, 1080 
Hydroxyethylcellulose, 1555 
3-Hydroxyflavone, 1131 
P-Hydroxyglutamic acid, 905-906 
5-Hydroxyhydrindene, 72 
Hydroxyl, mobile, in rearrangements, 
768-769 

Hydroxyl groups, determination in 
carotenoids, 1187 
Hydroxylamine, 675-683 
addition to unsaturated aldehydes 
and ketones, 587 

formation of hydroxamic acids from, 
630 

Hydroxylamines, dialkyl, 683-684 
reactions, 677-683 
rearrangements, 754 

5- Hydroxy-6-methyIhydrindene, 74 
Hydroxyproline, 906-907 
p-Hydroxypropenylbenzene, 1367 

6- Hydroxytetralin, 73-74 
Hygrine, 1040-1042, 1111 
Hygrine alkaloids, 1046-1042 
Hygrinic acid, 1040-1041 
Hyodesoxy cholic acid, 1231, 1308 

a-, 1300 

chromic acid oxidation, 1306 
P-, 1300 
Hyoscine, 1050 
Hyoscyamine, 1047 
Hypaphorine, 947, 1083 
Hypobromous acid, addition to ethyl- 
enic linkage, 550 

Hypochlorous acid, addition to ethyl- 
enic linkage, 550 

addition to unsaturated esters and 
acids, 592 
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Hypohalitea, reaction with carbonyl 
compounds, 664 

Hypohalogen acids, addition to ethyl- 
enic linkage, 550 
Hyponitrites, 620-632 
from benzenesulfonhydroxamic acid, 
691 

Hyponitrous acid, formation, 630, 704 
Hyponitrous esters, 629-631 
Hypoxanthine, occurrence, 1003 
synthesis, 974 

I 

Imidazoles, for preparation of purines, 
977 

Imido esters, reactions, 681 
Indican . 944 

Indium compounds, see Organoindiurn 
compounds 
Indole, 944 

rearrangement of derivatives, 736 
a-(3-Indole)-propionic acid, 1364 foot- 
nole 

Indoxyl, 944 

Induced anisotropy, 1795 
Inductive displacements, 1615 
Inductive effects, 1616-1617 
Inductomeric polarizability, 1621-1622 
Inert gases, electronic configuration, 
1599 

Infra-red absorption spectnim, 1770 
detection of chelation by, 1638, 1770- 
1771 

Inosinic acid, 1008 

Inositol, optical isomerism of, 251-252 
Interatomic distances, 1761, 1763 
Interconversion of organometallic com- 
pounds, 481-485 
Interfacial tensions, 1730 
Internal pressure, 1724-1730 
Iodine, 2-c^ovalent, 1613 
3-covalent, 1613 

Iodine monobromide, addition to ethjd- 
enic linkage, 548 

Iodine monochloride, addition to ethyl- 
enic linkage, 648 
lodomagnesium pinacolates, 517 
Ion-dipole bond, 1856 


Ionic bond, 1600, 1607-1610, 1856 
Ionic reactions, 1633-1634 
Ionization of organometallic com- 
pounds, 431, 432, 484 
Ions, crystal radii, 1657 
in rearrangements, 754-778 
Iron compounds, see Organoiron com- 
pounds 

Isatogens, relation to nitrones, 689 
a-Isatropylcocaine, 1055 
6-Isatropylcocaine, 1055 
Isay synthesis of purines, 975 
Isethionic acid, 113 

Isoa//opregnandione, specific rotation, 

1371 

Isoa/Zopregnanolone, specific rotation, 
1371 

Isoamylene, nitration, 112 
Isoandrostanediol, from isoandroster- 
one, 1382 

Isoandrosterone, 1373 
Isobarbituric acid, 953 
Lsobufocholanic acid, 1342 
Isobutyl compounds, rearrangements, 
746 

Isobutylene, nitration, 112 
Isococamine, 1055 
Isocodeine, 1077-1078 
Isocyanates, 672, 708-711 
addition to, 574 
formation, 694 
mesomeric effects in, 1682 
reaction with Grignard reagent, 421, 
1683 

Isocyanides, 705-708 
electronic theory of addition to, 
1677-1678 
Isocytosine, 963 

Isodihydroxycholenic acid, 1304 
Isoelectric point of amino acids, 866 
Isoequilin, 1381 footnote 
Isoglucal, 1500 

Isohexyl methyl ketone, 1349 
from cholestnnol, 1268 
Isolithobilianic acid, 1245, 1246 
thermal decomposition, 1253-1254 
Isomerism, cis-trans, 367-405 
configurational, monosaccharides, 
1402-1412 
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Isomerism, definition, 154 
geometrical, 367 
a,P-, in sugars, 1416-1418 
optical, 155-366 
stereoisomerism, 155 
steroid group, 1251-1261 
types, 154-155 

Isomerization, ergosterol, 1289 
glycals, 1499-1500 

Isomerizations and degradations of 
sugars, 1507-1533 

Isomers, absorption characteristics, 
1776 

chain, 154 
cis-traris, 367 
classification, 154-155 
comparison of physical properties, 
1717-1718 

cyclic compounds, 232-243, 394-400 
functional group, 155 
geometrical, 367 
in sugars, designation, 1417 
nuclear, 154 

optical, freezing points, 182-183 
properties, 163 
rotation, 209-220 
solubility, 184-186 
position, 154 
tautomers, 155 
Isomorphides, 1077 
Isonicotinic acid, 1084 
Isopelletierine, 1036 
Isoperiplogenic acid, 1326 
Isopilocarpidine, 1105 
Isopilocarpine, 1103-1104 
Isopilopic acid, 1104 
A®-Isopregnenolone, specific rotation, 
1371 

Isopyro vitamin D 2 , 1298 
fi-Isoquinine, 1059 
Isoquinoline, 89 
Isosaccharinic acids, 1516 
a-Isostrophanthic acid, 1325 
a-Isostrophanthidic acid, 1325 
reduction, 1326 
P-Isostrophanthidic acid, 1326 
Isostrophanthidin, 1324 
Isotetrazenes, oxidation, 664 


Isothiocyanates, reaction with Grignard 
reagent, 421 
Isouramil, 1001 
formation, 966 

Isourea, relation to urea, 708 
Isoxazoles, formation, 679, 687 

J 

Jaborandi alkaloids, 1103-05 
Johnson and Harkins test for thymine 
and 6-methylcytosine, 983 

K 

Karrer cellulose formula, 1572 
Kekule formula for benzene, 56, 70 
Kendall’s substance B, 1393-1394 
Kendall’s substance E, 1392 
Ketals from acetylenes, 567 
Ketazines, formation, 648 
Ketene, reaction with diazomethane, 
653 

reaction with nitroparaffins, 626 
Ketenes, 572-574 
comparison with nitriles, 703 
mesomeric effects in, 1682 
polymerization, 573 
reaction with Grignard reagent, 421, 
430, 1683 

Ketimines, 568, 570 
Keto acids, 1447 

P-Keto esters, enolization, 816-818 
12-Ketocholanic acid, from cholic or 
desoxycholic acid, 1236 
from reduction of dehydrodesoxy- 
cholic acid, 1248 

5-Ketogluconic acid, formation, 1521 
Ketohalogenides, 87-88 
Ketohexoses, 1400 
Ketones, acetylenic, 581 
addition of organometallic com- 
pounds, 417 
cycloalkanones, 40-42 
optically active, formed by rear^ 
rangement, 741, 742, 745 
optically inactive, formed by rear- 
rangement, 742 
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Ketones, rates of semicarbazone forma- 
tion, 820-830 

reaction with diazomethane, 654 
reaction with HCN, 807-808 
oxidation, 665 
a,P-unsaturated, 681-589 
Ketonization of phenols, 55 
Ketose sugars, 1443-1444 
Ketose synthesis by biological method, 
1442 

Ketoximes, reaction with bromine, 636 
Kctyls, metal, 616-517 
Knoevenagel reaction, cyclization by, 
28 

Koenigs and Knorr reaction, 1456- 
1457 

Kojic acid, 1494 
Kolbe synthesis, 138-139 
mechanism, 1652 
Kryptosterol, 1285 footnote 
Kuhn anisotropy factor, 1793-1794 
Kuhn theory of optical rotation, 1791- 
1801 

Kynurenic acid, 943-945 
Kynurenine, 943 

L 

Lactic acids, optical properties, 161 
Lactoflavin analogs, 1487-1488 
I.actol, definition, 1424 
Lactone ni\c of optical rotation, 1419 
J>actone studies in sugars, 1430-1434 
Lactones, y-, formation, 1430-1431 
structure determination, 1432 
8~, formation, 1430-1431, 1434 
structure detemiination, 1432 
reduction, 1406 

Lactonization of aldonic acids, 1405 
Lactose, structure determination, 1466- 
1467 

Ladenburg formula for benzene, 56-58 
a-Lagodesoxy cholic acid, 1300, 1312 
P-Lagodesoxycholic acid, 1300, 1312 
Lanosterol, 1277 

Lanthanum compounds, see Organo- 
lanthamim compounds 
Laudanine, 1074 
Laudanidine, 1074 


Laudanosine, 1074, 1110, 1112 
Lead, see Organolead compounds 
abnormal valence, 529 
Legal's test, 1321 
Lcpidine, 1057 
Leuckart reaction, 705 
Levoglucosan, preparation, 1492 
Levulinic acid, mechanism of forma- 
tion, 1508-1509 
Liebermann reaction. 1306 
Liebermann-Burchard reaction, 1272 
Light, circularly polarized, 204-206 
monochromatic, 201 
nature, 200 
plane polarized, 201 
Lipids, relation to carotenoids, 1216 
Liquid ammonia reactions, 701-705 
addition of metals to olefins, 444, 459 
diphenylgermanium and sodium, 479 
electrolysis of organomercury halides, 
478 

motalation, 451 

organotin halides and soduim, 472 
Lithium compounds, see Organolithium 
compounds 

Lithobilianic acid, 1245, 1246 
thermal decomposition. 1253-1254 
Lithocholic acid. 1228, 1300, 1304 
degradation, 1245 

formation from cpjcoprosterol, 1302 
Lobelanine, 1111 

Lobry de Briiyri interconversion reac- 
tion, 1442 
Loiponic acid, 1057 
Lophophorine, 1064 
Lessen rearrangement, 693, 759, 762, 
779, 780 
Loturine, 1085 
Lumilactoflavin, 1014 
Lumisterol, 1290-1291, 1298 
Lutein, see Xanthophyll 
Lycopene, 1146, 1154, 1156 
Lysergic acid, 1100-1103 
Lysine, 921-924 

M 

Magnesious halides, 498, 517; see Bin- 
ary system 
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Magnesium compounds, see Grignard 
reagents 

Magnetic criterion for bond type, 1863- 
1864 

Magnetic moment, resonance, 1863 
Maleic anhydride adducts, 1281, 1287, 
1297 

de Mallemann theory of optical rota- 
tion, 1789 

Malonic ester, 1,6-addition of, 606 
addition to a,P-unsaturated carbonyl 
compounds, 688 

Maltose, determination of structure, 
1463 

Malvidin, 1116-1117 
Manganese compounds, see Organo- 
manganese compounds 
Mannonic acid, 1510 
Marinobufagin, 1339 
Markownikoff rule, 649, 567 
applied to cyclopropane, 37-38 
Masurium compounds, see Organo- 
masurium compounds 
Mechanism of reactions, 1,4-addition, 
1651 

addition to allenes, 1681-1682 
alcoholic fermentation, 1525-1531 
aromatic substitutions, 11(1-149 
bromination, addition-elimination , 
116-119 

Cannizzaro reaction, 540 
catalysis, 850-852 

coupling, addition-elimination, 132 
esterification, 823 
fermentation, alcoholic, 1525-1531 
formation of cellulose xanthate, 1551 
formulation of, 1629-1631 
free radical concept, 535-541 
Friedel-Crafts reaction, 114-121, 466- 
467 

Grignard reagent, 1636, 1673 
and acid chlorides, 417-419 
and alkyl sulfonates, 426 
and esters, 41^420 
and ketenes, 430-431 
free radicals, 537-638 
isomerization and degradation of 
sugars, 1507-1633 
Kolbe synthesis, 1652 


Mechanism of reactions, levulinic acid, 
formation, 1508-16(y9 
methoxymethylfurfural, formation, 
1509 

muscle metabolism, 1531 
nitration, addition-elimination, 111 
osazones, formation, 1403 
oxidation, 1628 
of free radicals, 1628 
rearrangements, see Rearrangements 
reduction, 540, 1628 
birnolecular, 553, 585 
of olefins by metals, 444 
Reformatsky reaction, 461 
Reimer-Tiemann reaction, 1661 
ring contraction by Grignard reagent, 
428-430 

thermal decompositions, 538-539 
Wurtz-Fittig reaction, 452-454, 536- 
637 

Meconin, 1066, 1075 
Melanin, 909 
Melezitose, 1474 

Melibiose, determination of structure, 
1470-1471 

Melting points, 1719-1724 
alternations in paraffins, 1719 
correlation with structure, 1719 
relation to viscosity, 1720 
Menthol, 6 

Mercaptans, reaction with chloral, 818 
Mercaptopyrimidines, 961 
Mercapturic acids, 917 
Mercuric acetate, addition to ethylenic 
linkage, 552 

Mercury compounds, see Organomer- 
cury compounds 
Meroquinene, 1067 
Mescal alkaloids, 1063-1065 
Mescaline, 1064 
Mesomeric effects, 1620 
aliphatic diazo compoimds, 1682 
azides, 1683 
isocyanates, 1682 
ketenes, 1682 

Mesomeric polarization, 1619-1620 
Metahemipinic acid, 1072 
Metal halyls, 464 
Metal ketyls, 516-517, 1702 
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Metalation, 447-452 
Metaldehyde, 664 
Metallic bond, 1856 
Metallic hydrides, 40&-'439 
Metals, interchange in organometallic 
compounds, 459 

reaction with Grignard reagent, 426 
Metasaccharinic acids, 1616 
Meteloidine, 1061 
Methazonic acid, preparation, 624 
Methionine, 919-921 
Methoxyindenes, 70 
Methoxymethylfurfural, mechanism of 
formation, 1509 

9- Methoxy-lO-phenanthroxy 1 , 527 
Methyl radical, 520-522 
17-Methylandro8tanediol, 1381 
17-Methylandro8tenedidl, 1382 

10- Methyl-9-anthrol, methyl ether, 133 
Methylation of glycosides, 1421, 1422 
Methylcholanthrene, 1237 

formation, 1236-1237 
Methylconhydrinone, 1031-1032 
N-Methylconiine, 1032 
5-Methjdcyto8ine, test for, 983 
17-Methyldihydrotesto8terone, 1382 
Methylene radical, 522-523 
Y-Methylglucaside, preparation, 1429 
Methylgranatanine, 1035 
Methylhydrazine, acylation, 682 
17-Methylisoandrostanediol, 1382 
Methylisopelletierine, 1036 
Methylisopropylacetaldehyde, 1267 
Methylmorphenol, 1077 
Methylmorphimethines, 1079 
Methylmorphol, 1077 
5-Me thyl-2' , 1 '-naph tho-1 ,2-fluorene , 
from cholic acid, 1233 
Methyloses, 1502-1503 
Methylpentoses, 1460-1451 
17-Methyltesto8tt*rone, 1382 
4-MethyIuracil, formation, 964 
Meyer and Mark, x-ray structure of 
cellulose, 1589-1590 
Meyer reaction, 471 
Meyerhof and Kiessling mechanism of 
alcoholic fermentation, 1527-1530 
Michael condensation, 22-23, 26-27, 38 
Microstructure of cellulose, 1592-1594 


frnns-Migration, 798 
Migration of substituents in sugar de- 
rivatives, 1482-1483 
Migrational aptitude, 724-725, 760 
of groups, 723 
pinacols, 846-847 
Mills-Nixon ofTect, 71-73 
Mirror image relationship, 156, 159, 160, 
164 

Mobile hydroxyl in rearrangements, 
768-769 

Molecular compounds, bile acids, 1309- 
1310 

sterols, 1272-1273 
Molecular dispersion, 1738 
Molecular-orbital method, resonance, 
1863 

Molecular rearrangements, see Rear- 
rangements 

Molecular refraction, 1737-1742 
effect of conjugation, 1741 
effect of cyclic structure, 1742 
effect of unsaturation, 1740-1741 
exaltation, 1740 
factors for calculating, 1739 
Molecular size, 1730 
Molecular solution volume. 1731 
Molecular volume, 1730-1735 
Molecules, asymmetric, 156 
Molybdenum compounds, see Organo- 
molybdenum compounds 
Moment of momentum, 798 
Monoacetoneglucose, establishment of 
structure, 1424-1426 
Monoacetoneglucose>5.6-carbonate, es- 
tablishment of structure, 1427 
Monoaminomonooxypyrimidines, 963 
Monoanhydrouzarigenin, 1320 
MonochJoroamine, action on Grignard 
reagent, 785 

Monodxydiarainopyrimidines, 963 
Monooxypyrimidines, 962 
Monosaccharides, classification, 1400 
configurational isomerism, 1402-1412 
definition, 1400 
Morphine, 1076-1082 
Morphothebaine, 1080-1081 
Mucic acid, 1510 
Muconic acid, 68 
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Muconic acid, reduction, 80 
Multiple bonds, 1670 
resonance, 1864-1865 
Murexide, 988, 989 

Muscle metabolism, mechanism, 1531 
Muscone, 41 
Mutarotation, 221 
aldehydo-&\x%&x acetates, 1436 
configurational change and, 222 
of sugars, interpretation, 1413-1414 
kinetics, 1415 
mechanism, 1416 
structural change and, 223 
Mycosterols, 1285-1298 
Myosmine, 1046 

N 

Naphthacene, structure, 106-107 
Naphthacenequinone, structure, 109 
Naphthalene, reduction, 81 
structure, 81-97, 1877-1879 
thermochemical data, 94 
Naphthenes, 6 
a-Naphthol, structure, 83 
P-Naphthol, structure, 83 
Naphthols, coupling, 84, 90 
etherification, 85 
halogenation, 87-89 
P-Naphthyl allyl ether, Claisen rear- 
rangement, 84-85 
Narcotine, 1074-1076 
Natanson rule, 1785-1786 
Natural amino acids, 859-947 
Negative groups, activating effect, 543 
Neoergosterol, 1261-1262 
formation, 1287 

Neopentyl group, rearrangement, 782- 
783 

Neopine, 1082 

Neutralized systems, 1680-1681 
Nicol prism, 202 
Nicotimine, 1046 
Nicotine, 1043-1045 
a-Nicotine, 1046 
Nicotinic acid, 104^1044 
Nicotyrine, 1044-1045 
Ninhydrin rea(;tion, 879, 944 
Nitramide, 632-634 


Nitramide, alkylation, 633 
Nitration, addition-elimination mecha- 
nism, 111 
anthracene, 112 
aromatic compounds, 110-114 
ethylene, 110, 112 
isoamylene, 112 
isobutylene, 112 

Nitric acid, addition to ethylenic link- 
age, 549 

Nitrile, conjugation with ethylenic 
linkage, 596 

Nitrile oxides, formation, 691 
hydrolysis, 617 

Nitriles, comparison with ketenes, 703 
electronic theory of addition to, 1677 
hydrolysis, 570, 618 
intermolecular addition under in- 
fluence of organometallic com- 
pounds, 571 

reaction with Grignard reagent, 420, 

570 

reduction, 570 
relation to acids, 705 
tautomerism of unsaturated, 818-820 
a,P-unsaturated, 596 
Nitro compounds, 618-629 
formation of unsaturated, 622 
optical activity, 308 
a,P-unsaturated, 596 
Nitro group, addition of alcoholates, 

571 

conjugation with ethylenic linkage, 
596 

reaction with Grignard reagent, 421 
reduction, 571 

Nitroacetic acid, preparation, 624 
Nitroalcohols, formation, 622 
Nitroalkylamidt?s, preparation, 633 
1-Nitroanthracene, 106 
9-Nitroanthracene, 112 
Nitrobenzene, reaction with Grignard 
reagent, 421 

Nitrocellulose, 1543-1545 
Nitrodihydroanthranol, 112 
3-Nitroethyl alcohol, 110 
P-Nitroethyl nitrate, 110 
Nitroform, coupling with diazonium 
salts, 661 
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Nitroform, isolation, 620 
Nitrogen compounds, 609-719 
as acids and bases, 611 
electronic structures, 613-616 
open chain, 609-719 
optical activity, 328-344 
pentaalkyl, 444-445 
rearrangements of univalent, 761 
tautomerism, 611 

Nitrogen oxides, addition to dienes, 
579 

Nitrogen tetroxide, addition to ethyl- 
enic linkage, 552 

Nitrogen trioxide, addition to ethylenic 
linkage, 552 
Nitroles, pseudo-, 641 
Nitrolic acids, 639-641 
Nitromethane, synthesis, 619 
Nitrones, 688-691 
Beckmann rearrangement of, 689 
formation, 637 
Nitroparaffins, 618-628 
acylation, 626-627 
alkylation, 627-628 
halogenation, 625 
optical activity, 622 
rearrangement, 625-627 
aci-Nitroparaffins, 620-628 
reaction with diazonium salts, 662 
Nitropyrimidines, 960 
Nitrosamide, formation, 704 
Nitrosamines, 644-645 
Nitrosites, preparation and properties, 
635 

Nitroso amines, rearrangements, 754 
Nitroso compounds, 634-639 
in oxidation, 717 

reaction with diazomethane types, 

688 

Nitrosobenzene, 636-637 
reaction with Grignard reagent, 420- 

421 

Nitrosocarbohydrazines, formation, 661 
p-Nitrosodimethylaniline, 637-639 
Nitrosolic acids, 641-642 
Nitrosomethylurethane, 644 
Nitrosourethane, 644 
Nitrosyl chloride, addition to ethylenic 
lixikage, 552 


Nitrosyl group, reaction with Grignard 
reagent, 420 

Nitrourea, dearrangement of, 633 
formation of isocyanic acid from, 710 
Nitroureas, 710-711 
Nitroure thane, 633 
Norarecaidine, 1038 
Norarecoline, 1038 
Noratropine, 1051 
Norharman, 1091 
Norhydrastinine, 1067 
Norhyoscyamine, 1051 
Normal sugars, 1423 
Nornicotino, 1046 
Noroxyhydrastinine, 1069 
Notation, configurational. 220-221 
a.P-isomers in sugars. 1417-1418 
optical isomerism, 165 
sugar configurations, 1410 
Novocaine, 1055 
Nucidine, 1097 
Nucine, 1097 

Nuclear charge. efTectivc, 1600 
Nucleic acids, 948-1017 
structure, 1011-1012 
Nucleophiles, 1629 
Nucleosides, 1005-1007 
Nucleotides, 1007-1011 
3-phosphoribofuranosides, 1009 
5-phosphoribofuranosides, 1008 
NullpunktsAmlume, 1730-1735 

O 

Octahedral elements, 157, 358 
Octahydroestrone, 1363 footnote, 1373 
Octahydrovitamin A, 1199 
?i-Octane derivatives, physical con- 
stants, 1717 

Octazotrienes, oxidation, 665 
Odd molecules, 1698 
Oleandrin, 1335 

Olefins, see Addition reactions 
addition of hypohalous acids, 1695 
addition of metals, 1702 
electronic theory of addition to, 
1674-1676 

intennediates in rearrangements, 745- 
754 
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Olefins, polymerization, 442-444 
reduction by metals, 441-444 
Oligosaccharides, definition, 1400 
from cellulose, 1662-1664 
One-electron bond, 1866-1867 
Open sextet, 1664 
Opianic acid, 1066, 1076 
Opium, 1071 

Opium alkaloids, 1071-1082 
Oppenauer method, 1239 footnote, 1369 
footnote 

Optical activity, see Optical isomerism, 
Optical rotation, and Rotatory 
dispersion 

amine oxides, 342-344 
amino acids, 864-865 
carbanions, 308-319 
carbonium ions, 319-327 
correlation with chemical structure, 
1803-1849 

Crum Brown theory, 1783-1784 
during rearrangements, 734 
free radicals, 303-307 
fundamental concepts, 155 
Guye theory, 1783-1784 
nature of, 1781-1783 
nitro compounds, 308 
nitrogen compounds, 328-344 
nitroparaffins, 622 
organoarsenic compounds, 353-356 
organ ogermanium compounds, 351 
organometallic compounds, 472-473 
organotin compounds, 350 
origin, 1783-1803 
selenium compounds, 348-349 
silicon compounds, 327 
sulfilimines, 348 
sulfinic esters, 346 
sulfonium salts, 344-346 
sulfur compounds, 344-348 
tellurium compounds, 349-350 
theories, 208, 1780-1803 
Optical isomerism, see Optical activity, 
Optical rotation, and Rotatory 
dispersion 
alienee, 262-265 
beryllium compounds, 356 
biphenyls, 263-288 
bipyridyls, 292 


Optical isomerism, bip 3 rrryls, 293 
boron compounds, 366 
copper compounds, 367 
dipyrrylbenzenes, 294 
free radicals, 303-307 
inositol, 261-252 
palladium compounds, 367, 364 
phenylpyrroles, 293-294 
phenylquinones, 292 
phosphorus compounds, 351-352 
platinum compounds, 358, 364 
polyphenyls, 288-292 
quaternary ammonium salts, 338-342 
spiranes, 266-258 
sulfoxides, 347 
terphenyls, 288-292 
zinc compounds, 367 
Optical rotation, see Optical activity. 
Optical isomerism, and Rotatory 
dispersion 

association and, 214 
Bom theory, 1789, 1802-1803 
Boys theory, 1789-1791 
concentration and, 217 
dissociation and, 213 
factors influencing, 209-220 
Fresnel kinetic interpretation, 1781- 
1782 

Kuhn theory, 1791-1801 
de Mallemann theory, 1789 
molecular, 204 
nature of, 1781-1783 
Oseen theory, 1789 
solute, nature of, 217-220 
solutions, 213-214 
solvent, nature of, 217-220 
specific, 203 
structure and, 214-216 
stmcture in steroid group, 1261-1262 
sugars, measurement by maximum 
solubility method, 1418 
rules, 1419 

Thomson theory, 1789 
Optically active alkyl halides, rear- 
rangements, 770 

Optically active amino alcohols, rear- 
rangements, 740, 770 
Optically active glycols, rearrange- 
ments, 740, 742 
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Optically active ketones, from rear- 
rangements, 741, 742, 745 
Optically inactive ketones, from rear- 
rangements, 742 
Optochin, 1062 
Orbital wave function, 1852 
Organoalkali compounds, 439-454 
Organoaluminum compounds, 466-467 
Organoantimony compounds, 474-475 
Organoarsenic compounds, optical ac- 
tivity, 353-356 

Organobarium compounds, 459-460 
Organoberyllium compounds, 457-458 
Organobismuth compounds, 474-475 
Organoboron compounds, 465-466 
Organocadmium compounds, 461-462 
Organocalcium compounds, 458-460 
Organochromium compounds, 475-476 
Organochromium radicals, 481 
Organocolumbium compounds, 473-474 
Organocopper compounds, 454-457 
Organogallium compounds, 468 
Organogermanium compounds, 470-471 
optical activity, 351 
Organogermanium radicals, 479 
Organogold compounds, 454-457 
Organoindium compounds, 468 
Organoiron compounds, 477-478 
Organolanthanum compounds, 467 
Organolead compounds, 480-481 
Organolithiura compounds, 439 
addition to azomethines, 569 
addition to ethylenic linkage, 557 
reaction with a,p-un8aturated alde- 
hydes and ketones, 584 
Organomagnesium compounds, see 
Grignard reagents 
Organomanganese compounds, 477 
Organomasurium compounds, 477 
Organomercury compounds, 462-465 
competition in cleavage, 849-850 
Organomercury radicals, 478 
Organometallic ammines, 466 
Organometallic compounds, 406-488 
addition reactions, 414, 417-423, 430, 
441, 443-444, 458-469, 463 
analysis, 413-414, 416, 433 
cleavage, by halogen acids, 434, 472- 
473 


Organometallic compounds, cleavage, 
by halogens, 416-417, 434 
conductivities, 445-458 
detection, 413-414, 433 
electrolysis, 478-479 
interconversion, 481-485 
optical activity, 472-473 
pyrolysis, 469, 480-481 
quantitative estimation, 413-414 
radioactivity, 473, 484 
relative reactivity, 411, 426-427, 433- 
439, 440, 445-447, 448-450, 458- 
459, 465 

thermal stability, 435, 455-457, 464, 
469, 474, 484-485 
Organometallic hydrides, 470 
Organomolybdenum compounds, 475 
Organopalladium compounds, 478 
Organoplatinum compounds, 478 
Organopolonium compounds, 476 
Organorhenium compounds, 477 
Organosilver compounds, 454-457 
Organostrontium compounds, 459-460 
Organotantalum compounds, 473-474 
Organothallium compounds, 469 
Organotin compounds, 471-472 
optical activity, 350 
Organotin radicals, 479-480 
Organotitanium compounds, 469 
Organotungsten compounds, 475 
Organouranium compounds, 475 
Organovanadium compounds, 473-474 
Organozinc compounds, 460-461 
reaction with a.^-unsaturated alde- 
hydes and ketones, 584 
Organozirconium compounds, 469 
Orientation effects of chelation, 1647- 
1649 

Ornithine, 925, 929-930 

Orotic acid, 1001 

Orthoacetates, 1481-1482 

Osazones, mechanism of formation, 

1403 

Oscine, 1051 

Oseen theory of optical rotation, 1789 
Osmium tetroxide, catalytic oxidation 
with, 646 
Osones, 1447 
Ostreasterol, 1281 
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Ouabagenin, 1337 . 

Oxidation, and reduction, mechanism, 
1696-1698 
aldehydes, 566 
amines, 716-719 
amino acids, 879-882 
benzene, 68 

by Acetohacier suboxydans, 1633 
by Acetohacier xylinunif 1633 
by chromic acid, 646 
by hydrogen peroxide, 546 
by lead acetate, 546 
by ozone, 547 
by permanganate, 546 
carbonyl compounds, 565, 566 
carotenoids, 1183-1185 
cellulose, 1556-1559 
electronic mechanism, 1628 
ethylenic linkage, 545 
free radicals, mechanism, 539-540 
Grignard reagent, 423-421 
phenols and amines to free radicals, 
815-816 

sugars, 151&-1625 
by hypobromite, 1521-1522 
by periodic acid, 1522-1523 
in acid media, 1519-1521 
in alkaline media, 1521-1523 
uric acid, 984, 986 

Oxidation-reduction potentials, 95-97, 

. 810-816 

Oxidized sugar structures, 1447-1450 
Oxime-nitrone tautomerism, 1706 
Oximes, 686-691 
alkylation, 678, 688 
chelate derivatives, 1642 
cis-trans isomerism, 383-391 
formation, 558 
reactions, 569 
rearrangements, 744 
Oxo-Diels acid, 1243 
Oxonium salts, 1115 
stability, 1609 
Oxonium theory, 1115 
Oxyberberine, 1069-1070 
Oxycellulose, 1566-1559 
Oxygen, reaction with Grignard 
gent, 423-424 
Oxyhydrastinine, 1069 


Ox 3 rpyrimidines, 962 
Ozonolysis, a^ifitylenes, 567 
benzene, 69 
carotenoids, 1185 
double bonds, 647 
uracil, 981 


P 

Palladium compounds, optical isomer- 
ism, 367, 364; see Organopalla- 
dium compounds 

Paneth technique, free radicals and or- 
ganometallic compounds, 456, 
467, 473, 520 

Papaveraldine, 1071-1072 
Papaverine, 1071-1074 
Papaverinic acid, 1071-1072 
Papaverinol, 1071 

Para-bond formulas of benzene, 69 
Parachor, 1730-1735 
calculation, 1731 
constants for calculation, 1733 
relation to critical volumes and col- 
lision areas, 1732 

relation to nullpunktsvolume, 1734 
Paraldehyde, 663 
Parasaccharinic acids, 1516 
Partial rotation, alcohols, 1805-1806 
carboxyl group, 1830 
homologous series, 1803-1806 
hydrocarbons, 1804-1805 
Partial valence, 675 
benzene formulas, 63 
Pauling electronegativity scale, 1625 
Peganine, 1105 
Pegene-9, 1106 
Pelargonidin, 1116-1117 
Pelletierine, 1036 
Pellote, 1063 
Pellotine, 1064 

Pentaalkyl nitrogen compounds, 444- 
445 

Pentaarylethanes, 507 
cleavage by alkali metals, 507 
Pentaarylethyls, 510 
Pentad systems, 1709 
Pentadieneones, 697 


rea- 
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Pentazodienes, formation, 683 
Pentoses, structure determination, 
1408-1409 

Pentryl, synthesis, 634 
Peonidin, 1116-1117 
Pepper alkaloids, 1033-1034 
Perhydrocrocetin, 1190 
Perhydrolycopene, 1189 
Perhydro-nor-bixin diethyl ester, 1190 
Perhydrovitamin A, 1198 
Periodic table, 435, 1599 
Periplogenin, 1332 

Perkin method of preparing ali(*y<^‘lic 
compounds, 17-22 
Perkin synthesis, 562 
Peroxide effect, 549, 567, 1685, 1704 
Peroxidic systems, 1693-1698 
Perrier compounds, 120 
Pettenkofer reaction, 1305-1306 
Peyotl, 1063 

Pfeiffer-Wizinger theory, 118, 122, 147 
Phenanthrene, bromination, 115-119 
Friedel-Crafts condensations, 98 
resonance structure, 1877-1879 
structure, 97-99 
eulfonation, 98 

9,10-Phenanthrenequinone, 98-99 
Phenanthrols, coupling, 97 
Phenol ethers, coupling, 133 
Phenols, ketonization, 55 
oxidation, 815-816 
reactions, 122-140 

Phenyl azide, addition to ethylenic 
linkage, 552 

addition to quinones, 600 
formation, 683 
reactions, 699 

Phenyl group, effect on color of poly- 
enes, 1180 

a-Phenylacrylic acid, 1047 
l-Phenyl-4-aminobutadiene, comparison 
with aniline, 80 

Phenyl isocyanate, competitive reac- 
tions of two alcohols or amines, 

847-848 

reaction with diazoamino compounds, 
665 


2-Phenylbenzopyrylium chloride, 1116; 

see Flavylium chloride 
Phenylhydrazine, addition to a,P-un- 
saturated carbonyl compounds, 
587 

hydrolysis of K-sulfonate of, 631 
reaction with diazonium salts, 664 
reactions, 696 
rearrangement, 754 

Phenylhydrazones, condensation with 
aldehydes, 696-698 
formation, 558 

Phenyinaphthophenazonium chloride, 

104 

Phonylnitromethane, isolation, 620 
rearrangement, 625 

Phenyl pyrroles, opti(*al isomerism, 293- 
294 

Phenylquinones, optical isomerism, 
292 

Phenylthiyl radicals, 628 
l-Phenyltriazalone-5-carboxylic acid, 

122 

Phenyltrimethylammonium nitrate, 
substitution of, 145 
Phosphazines, formation, 647, 648 
Phosphine oxides, formation, 648 
Phosphocreatine, 893 
Phosphonium bases, electronic theory, 
1611 

Phosphoric esters of carbohydrates, 
1478-1480 

Phosphorus compounds, optical iso- 
mers, 351 

Phosphorus pontachloride, addition to 
dienes, 679 

reaction with aldehydes and ketones, 

564 

reaction with imsatunited ketones, 
589 

splitting of C-N bond, 716 
Phosphoms trichloride, reaction with 
unsaturated ketones, 589 
Photochemical acti\ ation, organometal- 
lic compounds, 457 

Photochemical reactions, mechanism 
involving free radicals, 538 
Photosynthesis, role of organometallic 
compounds, 487 


Phenyl isocyanide, formation, 687 
2-Phenylbeiizop3nrone, 1131 
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Phthalimide reaction, s 3 mthesis of 
a-amino acids, 885 
Phthalocyanines, structure, 1646-1647 
Physalien, 1150 

Physical properties and constitution of 
organic compounds, 1712-1778 
Physiological properties, organometallic 
compounds, 485-486 
Physostigmine, 1086-1090 
Physostigmol, 1086-1087 
Phytocarotenoids, 1158 
Phytochemical synthesis, 1127 
Phytol, synthesis, 1213-1214 
Phytosterols, 1283-1285 
Picene, from cholic acid, 1233, 1234 
a-Picolinic acid, 1031 
Pigments, plant, 1114 
plastid, 1114 
\ Pilocarpidine, 1105 
Pilocarpine, 1103-1105 
Pilopic acid, 1104 

Pinacol rearrangement, 723, 726, 732, 
757, 758, 770, 780, 787, 796 
Pinacolone rearrangement, see Rear- 
rangements, pinacol 
Pinacols, migrational aptitudes, 846-847 
Piperic acid, 1033 

Piperidine, rates of reaction with alkyl 
bromides, 835-836 
Piperine, 1033 
Piperonylic acid, 1033 
Pivot bond, 260 
Planar elements, 362 
Plant pigments, 1114 
Plastid pigments. 1114 
Platinum compounds, optical isomer- 
ism, 358, 364; see Organoplati- 
num compounds 
Polarimeter, 202-203 
Polarimetry, 200-208 
eleotromeric, 1619 
inductomeric, 1621-1622 
Polarizability, 1614 
Polarization, 1614 
mesomeric, 1619-1620 
Polonium compounds, see Organopolo- 
nium compounds 
Polyarylethanes, 507 
cleavage by alkali metals, 507 


Polydentate chelate rings, 1646-1647 
Polyene carboxylic acids, synthesis, 
1212-1213 

Polyenes, color, 1171, 1178 
phenylated, 601 
synthesis, 1209-1214 
Polyenoid systems, 1684-1689 
Polymerization, acetaldehyde, 563 
cyclopentadiene, 12 
1,3-dienes, 1686, 1703 
dienes by alkali metals, 577 
electronic theory, 1670 
ethylenic hydrocarbons, 551 
ketenes, 573 

olefins, by metals and organometallic 
compounds, 442-444 
organotin compounds, 481 
pseudo-nitroles, 641 

Polyolefins, ds^trana isomerism, 382- 
383 

Polyphenyls, optical isomerism, 288-292 
Polyynes, rearrangements, 786 
Pomegranate alkaloids, 1034-1036 
Porphin ring, structure, 1646-1647 
Porphyrins, structure, 1646-1647 
Potentials, oxidation-reduction, 96, 
810-816 

p-quinones, 813 

Preferential reactions, organometallic 
compounds, 487 
Pregnane, 1282 

Pregnanediol, 1281-1282, 1369 
Pregnanedione, 1369 
Pregnenolone, 1369 
specific rotation, 1371 
Prism, Fresnel, 205 
Nicol, 202 

Progesterone, 1284, 1355, 1367-1371 
biochemical reduction, 1376 
isolation, 1368-1369 
specificity, 1371 
structure, 1369 

Proline, isolation and S 3 mthesi 8 , 898- 
901 

Propenylphenols, formation of hydra- 
zones, 663 

Propionic acid fermentation, 1532 
Propylene oxide, rearrangement, 755 
Proteins, definition, 860 
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Protoglucal, 1600 
Provitamin A activity, 1168 
Pseudo acids, 620 
Pseudo ionic reactions, 1631, 1634 
Pseudobufotalin, 1340, 1342 
Pseudococaine, 1064 
Pseudocodeine, 1077-1078 
Pseudocodeinone, 1078 
Pseudoconhydrine, 1032 
Pseudocumene, formation, 68 
Pseudoephedrine, 1029-1030 
Pseudohyoscyamine, 1051 
Pseudo-nitroles, 641 
Pseudoopianic acid, 1069-1070 
Pseudopelletierine, 1034, 1108 
Pseudostrophanthidin, 1327 
Pseudotropine, 1060, 1063-1064 
Psicain, 1064 
Punicine, 1036 
Purine, 961 
synthesis, 967-980 
Purines, 948-1017 
hydrogenation, 992-1000 
glycosidic combinations, 1004 
natural occurrence, 1003-1004 
oxidation, 984-992 
reduction, 992-1000 
Purpuric acid, 989 

Pyranose ring structure, establishment, 
1421-1424 

Pyrazoles, formation, 679 
rearrangements, 767 
Pyrazolidones, formation, 680 
Pyrazolines, formation, 661 
P3rrolysis, 30-32 

Pyridine and alkyl bromides, competi- 
tive reactions, 842-843 
Pyrimidine, 960 

derivatives, nomenclature, 960 
formation, 968 
halides, 969 

Pyrirnidinecarboxylic acids, 969 
Pyrimidines, 948-1017 
alkoxy-, 961 
amino-, 969 
aminodioxy-, 966 
aminotrioxy-, 966 
dioxy-, 964 

glycosidic combinations, 1004 


Pyrimidines, hexahydro-, 954 
hydrogenated dioxy-, 966 
hydrogenation, 992-1000 
mercapto-, 961 
monoaminomonooxy-, 963 
monooxy-, 962 
monooxydiamino-, 963 
naturally occurring, 1000-1003 
nitro-, 960 
oxidation, 980-984 
reduced, 954 
reduction, 992-1000 
synthesis, 954-967 
tetraoxy-, 966 
thiocyano-, 961 
trioxy-, 965 
Pyrimidones, 952-953 
Pyrocalciferol, 1290, 1298 
Pyroisolithobilianic acid, Clemmensen 
reduction, 1253 

Pyrolithobilianic acid, Clemmensen re- 
duction, 1253 

Pyrolysis, determination of stability by, 

841 

organometallic compounds, 469, 480- 

481 

pyrazolines, cyclization by, 30-32 
salts of dibasic acids, 13-16 
Y-Pyrone, 1130 
Pyrroles, rearrangement, 753 
Pyrrolidonecarboxylic acid, 896 


Q 

Quantum mechanics, application to re- 
arrangements, 800 
Quaternary ammonium bases, elec- 
tronic theory, 1611 
optical isomerism, 338-342 
Quebrachine, 1090 
Quercetin, formation, 1135-1137 
Quinic acid, 1066 
Quinidine, 1061 
Quinine, 1069 
Quininic acid, 1059 
Quininone, 1058 
Quinone hydrazohes, 671-673 
Quinones, oxidation-reduction poten- 
tials, 96-97, 811-815 
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o-Quinones, reaction with diphenyldia- 
zomethane, 652 
p-Quinones, 697 

Quinonoid structures, and chelation, 
1639 

electronic theory, 1692-1693 
Quinovic acid, 1056 
Quinoxalines, synthesis, 675 
Quinuclidine, 1056 
Quitenine, 1059 


R 

Racemic modifications, definition, 160 
determination of nature, 182-187 
formation, 176 
mechanical mixtures, 181 
molecular compounds, 182 
properties, 181-187 
resolution, 187-196 
solid solutions, 182 
Racemization, 176-181 
amino acids, 871-872 
enolization and, 179-181 
Grignard reagents, 431 
kinetics, 178 
thermal, 177 

Radical reactions, 1631, 1632-1633 
Radicals, see Free radicals 

series by cleavage of organometallic 
compounds, 434, 472-473 
Raffinose, determination of stnicture, 
1474 

Raman effect, 1765-1777 
Raman shifts, effect of substitution on, 
1769 

for characteristic linkages, 1768-1769 
value in structure determination, 
1769 

Raoult’s law and solubility, 1727 
Rate constants, reliability, 838-840 
Rates of reaction, alkyl bromides and 
piperidine, 835-836 
alkyl chlorides and metallic iodides, 
830-833 

alkyl iodides and sodium benzylo- 
xide, 830 

competitive reactions, comparison of 
reactivity, 842-850 


Rates of reaction, diphenylchloro- 
methanes and acyl chlorides with 
alcohols, 833-836 
esterification, 591 
and alcoholysis, 821-823 
formation of acetals, 823-826 
formation of semicarbazones, 826-830 
formation of thiourethanes, 830-838 
general considerations, 804 
rearrangement of ethylene oxides, 739 
rearrangement of pinacols, 739 
theory of, 799 

three-carbon tautomerism, 818-821 
Reactivity, relative, see Relative reac- 
tivity 

Rearrangements, activated complex in, 
799-801 

alcohols, 747 ’ 

aldehydes, 726 

allenes, 572 

amine oxides, 754 

amino alcohols, 738 

aniline sulfate, 754 

aromatic substitution by, 125-127 

azides, 744 

Beckmann, 388-390, 686, 700, 761; 

766, 779, 780, 796-798, 1081 
benzidine, 753, 791 

benzilic acid, 743, 744, 766, 762, 768, 
790-791 

benzylazide, 760 
bromamides, 744 
butadiene dibromides, 776 
camphor series, 773 
Claisen, 76-77, 84-85, 125-126, 747- 
749, 792-793, 1652 
Curtius, 656, 692, 759, 762, 779, 780 
cyclic compounds as intermediates, 
723-745 

cyclopropane, 755 

cyclopropane intermediates, 728, 733- 
736 

Demjanow, 32-33, 43 
diacylanilides, 753 
diazides, 760 

electronic concept, 762-767, 778-799 
ethylene oxide, rate, 739 
ethylene oxides, 736-739, 787-788 
free radicals in, 754-778 
Fries, 752, 793 
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Rearrangements, glycols, 737 
Grignard reactions, 431-432, 784-786 
Hofmann, 744, 759, 762, 765, 779, 
780, 782 

hydrazobenzene, 753 
hydroxamic acids, 744, 762 
hydroxylamines, 754 
indole derivatives, 756 
ions as intermediates in, 754-778 
isobutyl compounds, 746 
Lossen, 759, 762, 779, 780 
mechanism for allylic, 777, 1650, 1652 
methylene, amines, 753 
mobile hydroxyl in, 768-769 
molecular, 720-801 
neopentyl group, 782-783 
nitroparaffins, 625-627 
nitroso amines, 754 
olefins in, 745-754 
optical activity during, 734 
optically active alk}^ halides, 770 
optically active amino alcohols, 740, 
770 

optically active ethers, 794 
optically active glycols, 740, 742 
optically active ketones fonned in, 
741, 742, 745 

optically active phenolic ethers, 749 
optically active pinacols, 769 
optically inactive ketones formed in, 
742 

oximes, 744 

phenolic ethers, 125, 747-749, 792- 
793, 1652 

phenylhydrazine, 754 
pinacol, 723, 726, 732, 757, 758, 770, 
780, 787, 796 
aromatic, 732 

competitive reactions, 844-847 
cyclization by, 33-34 
rates, 739 
polyynes, 786 
propylene oxide, 756 
pyrazole derivatives, 757 
pyrroles, 753 

quantum mechanics of, 800 
a,Y-rule, 124 

semi-valence bonds in, 801 
stereochemical considerations, 796 


xlvii 

Rearrangements, substituted anilines, 
750-754, 792 

sugars, in acid media, 1507-1509 
in alkaline media, 1509-1515 
terpenes, 729, 733 
triad systems, 788 
triarylmethyl peroxides, 757 
tricy denes in, 729, 730, 733 
triphenylmethylaniline, 753 
tripheriylmethylhydroxylamine, 760, 
767 

univalent nitrogen compounds in, 761 
Wagner, 34-35, 728, 729, 734, 769, 
772, 789 

Reduced sugar structures, 1450-1454 
Reductic acid, 1507 
Reduction, aromatic compounds, 9-10 
bimolecular, mechanism, 553, 585 
by Grignard reagents, 429, 554 
by metal combinations, 553 
carbonyl group, 553, 554 
catalytic, 545 

chloral by Grignard reagent, 429 
cleavage of C-N bond, 715 
Clemmensen, 553 
dienes, 576 
1,2-diketones, 580 
electronic mechanism, 1628 
mechanism involving free radicals, 
540 

naphthalene, 81 
nitro group, 571 
olefins by metals, 441-444 
phenylated dienes, 601 
pyrimidines and purines, 992-1000 
selective, of carbonyl group, 585 
sugar lactones, 1406 
triarylmethyls, 498 
unsaturated ketones, 602 
Wolff-Kishner, 554, 1245 
Reduction potentials of quinones, 96 
Reductone, 1507 
Reformatsky reaction, 557-558 
cyclization by, 29 
mechanism, 461 
Refractive index, 1737-1742 
Regularobufagin, 1342 
Reichstein’s substance A, 1391 
Reichstein’s substance E, 1391 
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Reichstein^s substance Fa, 1392 
Reichstein^s substance G, 1391 
Reichstein’s substance H, 1393-1394 
Reimer-Tiemann reaction, 127-128 
mechanism, 1651 
Reinecke salt, 899, 906 
Relative acidities, 448-462 
Relative reactivity, carboxyl group, 591 
chlorides with potassium iodide, 831 
ethylenic linkage, 591 
functional groups, 417-418, 420, 427, 
461, 466 

interpretation of data, 852-857 
organometallic compounds, 411, 426- 
427, 433-439, 440, 445-447, 448- 
450, 458-459, 465 
Resacetophenone derivatives, 76 
Residual charges, 1622-1623 
Resins, aldehyde, 561 
Resolution, amino acids, 889 
biochemical processes, 195-196 
biphenyls, 300 

conversion to diastereoisomers, 189- 
193 

equilibrium methods, 194-195 
kinetic methods, 193-194 
mechanical separation, 187 
methods, 187-196 
preferential crystallization, 187-189 
Resonance, chemical bond, 1850-1890 
electronic theory, 1604-1605 
idea of, 1857-1858 
keto-enol systems, 1705 
mesomeric polarization, 1619, 1620 
molecular structure, 1850-1890 
nitrogen compounds, 612 
organic anions, 1610 
oxime-nitrone tautomerism, 1706- 
1707 

structural, 1775 

Resonance energy, calculation, 1873- 

1876 

conjugated systems, 1687 
definition, 1857 
empirical values, 1874-1875 
Retinene, 1169-1170 
Rhenium compounds, see Organorhen- 
ium compounds 

Rhodanine, amino acids from, 888-889 


Rhodoxanthin, 1148, 1157 
d-Ribose, occurrence in nucleosides, 
1005 

Ricinidine, 1039-1040 
Ricininic acid, 1039-1040 
Ring closure, see Cyclization 
Ring contraction, alicyclic oxides in 
Grignard reaction, 427-430 
chlorohydrins in Grignard reaction, 
428 

methods, 32-36 

Ring expansion, methods, 32-:36 
Ring structures of sugars, 1412-1447 
furanose, 1424-1430 
other than furanose and pyranose 
types, 1439-1440 
pyranose, 1421-1424 
Ring-chain, tautomerism, 1707 
Rings, strainless, 5-6 
Rosanoff classification of sugars, 1408r- 
1411 

Rosenheim test, 1272 
Rotation, see Optical rotation 
free, 163 

restricted, 259, 296 

Rotatory dispersion, 210, 1779-1849; 
see Partial rotation 
alcohols, 1805-1806 
aldehydes, 1820-1822 
aliphatic azides, 1822-1823 
anisotropy factor, 1793-1794 
azido acids, 1829-1831 
Biot law, 1784 

(correlation, of chemical structure and 
optical activity, 1803-1849 
of configurations of a-substituted 
carboxylic acids, 1829-1842 
Cotton effect in, 1784-1787 
course of curves, 1784 
distance of coupled electrons, 1797- 
1798 

Dmde formulas, 1787-1788 
halides, 1823-1828 
a-halogeno acids, 1834-1842 
hydrocarbons, 1804-1805 
influence, of chromophoric groups of 
non-polar character, 1806-1814 
of chromophoric groups of pojar 
character, 1814-1828 
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Rotatory dispersion, influence, of dis- 
tance from asymmetric center, 
1806-1828 

of ethylenic linkage, 1811-1813 
of external conditions, 1842-1844 
of ionization and salt action, 1843- 

1844 

of isopropyl group, 1806-1810 
of phenyl and cyclohexyl groups, 
1810-1811 

of refractive index of medium, 1843 
of temperature, solvent, and con- 
centration, 1842-1843 
liquid and solution curves, 1796- 
1797 

mercapto acids, 1831-1834 
Natanson rule, 1785-1786 
organic acids, 1816-1820 
primary halides, 1826 
sulfonic acids, 1831-1834 
vicinal effect of halogeno and azido 
groups, 1829-1842 
vicinal function in, 1795-1796 
Rubber, vulcanization by organo- 
metallic compounds, 487 
Rubixanthin, 1148, 1156 
Ruff degradation of sugars, 1407 

S 

Saccharic acid, preparation, 1405 
Saccharinic acid, formation, 1515-1519 
Saccharinic acids, 1516 
Sachse-Mohr theory of strainless rings, 

6-6, 60 

Salkowski reaction, 1272 
Salsoline, 1110 

Salts, inorganic, reaction with Grignard 
reagent, 426 
Sapogenins, 1347-1349 
Sarcosine, 891 
Sarmentocymarin, 1344 
Sarmentogenin, 1336-1336 
Sarsapogenin, 1349, 1363-1354 
Sarsasapogenic acid, 1354 
Sarsasaponin, 1347 
Schiff’s bases, 668, 668 
Schorigin reaction, 448 
Schweitzer*s reagent, action on cellu- 
lose, 1540 


Scillaren A, 1337 
Scillaren B, 1337 
Scillaridin A, 1337-1338 
Scopine, 1050 
Scopolamine, 1050, 1052 
Scopoline, 1051 
Scymnol, 1312-1313 
a-Selenine, dehydrogenation, 53 
Selenium, reaction with Grignard re- 
agent, 424 

Selenium compounds, optical activity, 
348-349 

Selenium dehydrogenation of cholic 
acid, 1232-1233 

Selenium dioxide, action on bile acids, 
1305 

action on sterols, 1269 
Semicarbazones, equilibria and rates in 
formation, 826-830 
formation, 558 
hydrolysis, 828-829 

Serine, synthesis and reactions, 901-904 
Sex hormones, 1355-1397 ; see under 
individual classes 
biogenesis, 1386-1388 
Sexiphenyl, synthesis, 670 
Shared-electron-pair bond, 1856-1857 
Silicon compounds, optical activity, 327 
Silver compounds, see Organosilver 
compounds 

Silver iodobenzoate, oxidation of 
ethylenic linkage by, 545 
Sinomenine, 1082 
Sitosterol, 1283 
Skatole, 944 
Skraup reaction, 85 
Smilagenin, 1354 
S-N bond, hydrolysis, 631-632 
Sodium benzenediazoate, 656-659 
Sodium bisulfite, addition to azome- 
thines, 569 

addition to unsaturated aldehydes 
and ketones, 586 

Sodium nitrohydi oxamate, 658-659 
formation of hydroxamic acids from, 

691 

Sodium peroxide, action on unsaturated 
carbonyl compounds, 584 
Solanidine, 1354 
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Solubility, and internal presarure, 1726 
of organic compounds, 1724^1730 
Solvolytic reactions, 702 
/-Sorbose, preparation, 1505 
Specific refractive dispersion, 1738 
exaltation, 1740 
Specific refractivity, 1738 
Specific viscosity, 1736 
Spectroscopy, determination of chela- 
tion by, 1638 
Spinasterols, 1283, 1284 
Spiranes, in chelate rings, 1640 
optical isomerism, 256-258 
Sponsler and Dore x-ray structure of 
cellulose, 1588 
Squalene, s 3 mthesis, 1213 
Stabilities, determination of relative, 
841 

thermal, of organometallic com- 
pounds, 435, 455-457, 464, 469, 
474, 484-485 
Stachydrine, 901, 1042 
Stachyose, 1474-1475 
Stenols, 1270-1271 

Stereochemical considerations of rear- 
rangements, 796 

Stereochemistry, carotenoids, 1189 
cholestane type, 1251-1253 
coprostane type, 1251-1253 
steroid group, 1251-1261 
Stereoisomerism, 150-405 
Steric effects, influence on heats of 
combustion of hydrocarbons, 
1746 

Steric hindrance, effect on reactions of 
organometallic compounds, 423, 
443 

in coupling reactions, 134-135 
Steroid group, 1220-1398 
principal members, 1224-1225 
ring system, 1222 

spatial isomerism, of hydroxyl groups, 
1256-1261 

of nuclear rings, 1253-1256 
stereochemistry, 1251-1261 
structure, and optical rotation, 1261- 
1262 

of nucleus, 1230-1250 
Sterol ketones, bromination, 1273-1277 


Sterol peroxides, 1270 
Sterol pinacols, 1271, 1287 
Sterols, 1262-1298 ; see individual mem- 
bers 

bile acids, and related compounds, 
1220-1398 

definition and occurrence, 1262 
Cs—OH, 1266-1267 
CiT side chain, 1268 
color reactions, 1271-1272 
common nucleus, 1231-1232 
from lower forms of animal life, 
1281 

general reactions, 1263-1277 
isolation, 1262-1263 
molecular compounds, 1272-1273 
natural and derived, 1264-1265 
nomenclature, 1263 
nuclear unsaturation, 1268-1271 
relation to carotenoids, 1215 
side chains, 1250 

Stibonium bases, electronic theory, 
1611 

Stigmasterol, 1283-1284 
degradation, 1394 
ozonization, 1267 
progesterone from, 1369 
Strain theory, Baeyer, 4 
Strainless rings, 5-6 
large naturally occurring, 41 
Sachse-Mohr theory of, 5-6, 50 
synthesis of large, 14-15, 24 
Strecker synthesis, 886 
Strength of acids and bases, 804-807 
Strontium compounds, see Organo- 
strontium compounds 
Strophanthidin, 1323-1331 
Structure, of common disaccharides, 
1458 

of diazo compounds, 644 
of simple molecules, resonance, 1868- 
1873 

Strychnic acid, 1093 
Strychnidine, 1093 
Strychnine, 1092-1099 
Strychninolic acid, 1095-1096 
Strychninolone, 1095-1096 
Strychninonic acid, 1095 
Strychnos alkaloids, 1092-1099 
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Styracitol, structure determination, 
1495 

Substituent groups, directive influence 
of, 140-149 

Substituted sugars, 1 478’-! 488 

Substitution, indirect, 123 

Sucrose, structure determination, 1472- 
1473 

Sugars, see under individual members 
acetates, 1418 

aldehydo acetates, 1435-1439 
acetone derivatives, 1424-1426 
acyclic structures, 1434-1439 
alcohols, 1405 
aldonic acids, 1404-1405 
amino, 1484-1488 
anhydro, 1488-1493 
ascorbic acid, 1503-1507 
benzoylated, 1428 

f‘onfigurational isomerism, 1402-1412 

cyanohydrin, 1405 

degradation methods, 1407-1408 

derivatives, 1477-1533 

desoxy, 1501-1503 

diose stnicture, 1446-1447 

disaccharide structure, 1457-1473 

enolic structure, 1441-1443 

epimerization of sugar acids, 1510 

epimers, 1406-1407 

esters, 1478-1483 

fermentation, 1525-1533 

Y-, 1424 

glycals, 1497-1501 
glycoseens, 1493-1497 
glycosides, 1454-1457 
glycuronic acids, 1447-1450 
isomerizations and degradations, 
1507-1533 
keto acids, 1447 
ketoses, 1443-1444 
lactone studies, 1430-1434 
lactonization of aldonic acids, 1405 
measurement of optical rotation by 
maximum solubility method, 
1418 

methylation, 1421-1422 
methyloses, 1450-1451, 1502-1503 
mono- and oligosaccharides, 1399- 
1476 
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Sugars, mutarotation, 1413-1416 
notation of configurations, 1410, 
1417-1418 

oligosaccharides from cellulose, 1562- 
1564 

oxidation, 1521-1523 
oxidized structures, 1447-1450 
pentoses, 1408-1409 
rearrangements, 1507-1515 
reduced structures, 1450-1454 
reduction of lactones, 1406 
ring structures, 1412-1447 
llosanoff classification, 1408-1411 
rules of optical rotation in, 1419- 
1421 

saccharinic acid formation, 1515- 
1519 

tautomeric forms, 1445 
thio, 1483-1484 

tri- and tetrasaccharides, 1474-1475 
trioses, 1446-1447 

Sulfanilic acid from aniline sulfate, 123 
Siilfilimines, optical activity, 348 
Siilfinic acids, addition to imsaturated 
ketones, 588 

Sulfinic esters, oi)tical activity, 346 
Sulfonation, aromatic compounds, 110- 
114 

ethylene, 113 
phenanthrene, 98 
Sulfones, a.P-imsaturated, 581 
Sulfonhydroxamic acids, hydrolysis, 
632 

Sulfonium salts, optical activity, 344- 
346 

Sulfoxides, cis~trans-\somensm, 400-401 
optical isomerism, 347 
Sulfur, reaction with Grignard reagent, 
423-424 

Sulfur chloride, addition to ethylenic 
linkage, 552 

Sulfur compounds, optical activity, 
344-348 

Sulfur dioxide, r(‘action with Grignard 
reagent, 422 

Sulfuric acid, addition to ethylenic 
linkage, 549 

Sulfuric esters of carbohydrates, 1480- 
1481 
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Supermolecular forces, in cellulose, 
1680“1681 

Suprasterol I, 1298 
Suprasterol II, 1298 
Surface tension, 1724-1730 
relation to temperature, 1728-1729 
Symbols, electronic, 1607 
Symmetry, alternating axis, 236 
plane, 160 
point of, 236, 242 

SyU’^Luti isomerism, see Cis-irans iso- 
merism 

T 

Tachysterol, 1291 
Tannins, 1481 

Tantalum compounds, see Organo- 
tantalum compounds 
Taraxanthin, 1149, 1156 
Tarconines, 1075 
Tartaric acids, 167-169 
dextro, 167 
levo, 167 
meso, 168 
properties, 168 
racemic, 168 

Tautomeric effect, resonance, 1883 
Tautomerism, 155 
diarylacylmethyls, 514 
electronic theory, 1704-1710 
fructose, 1445 
glucose, 1445 
keto-enol, 593 
nitrogen compounds, 611 
three-carbon, 818-820 
urea and isourea, 708 
Tellurium, reaction with Grignard re- 
agent, 424 

Tellurium compounds, optical activity, 
349-350 
Teloidine, 1051 
Terpenes, 6-9 
rearrangements, 729, 733 
relation to carotenoids, 1214 
Terphenyls, cis-trans isomerism, 403- 
405 

optical isomerism, 288-292 
Tertiary amines, coupling, 132 
Test for uracil and cytosine, 983 


Testicular hormones, 1374-1376 
Testosterone, 1355, 1374-1375 
acetate, 1382 
reduction, 1383 
Tetraarylallyls, 610 
sym .-T etraary Idialky lethanes, 609-510 
Tetraaryldiarsyls, 629 
Tetraarylhydraaines, dissociation into 
free radicals, 523-624 
Tetraarylsuccinonitriles, dissociation, 
515 

Tetraethyllead, 472, 486 
Tetrahedral bond orbitals, 1861-1863 
Tetrahedral carbon atom, 1869-1863 
Tetrahedral elements, 157, 327 
Tetrahydroberberine, 1070-1071 
Tetrahydrodehydroneoergosterol, 1360 
Tetrahydro vitamin A, 1199 
Tetramethylammonium, metallic prop- 
erties, 479 

Tetramethylfructopyranose, 1459 
Tetramethylgalactopyranose, 1459 
Tetramethylglucofuranose, establirfi - 
ment of structure, 1428 
Tetramethylglucopyranose, 1459 
Y-Tetramethylglucose, establishment of 
structure, 1428 
Tetranitromethane, 628-629 
Tetraoxypyrimidines, 966 
1 ,1 ,2,2-Tetraphenylcy clopropane, sta- 

bility, 519 

sym.-Tetraphenyldibenzoylethane, 613- 
514 

Tetraphenylethylene, bromination, 78 
6 ,6 , 1 1 , 12-Tetrapheny Inaphthacene, 5 19 
Tetrazans, formation, 671 
Tetrazenes, formation, 683 
Tetroses, ring structure, 1446 
Tetryl, 634 

Thallium compounds, see Organothal- 
lium compounds 
Thebaine, 1076 
Thebainone, 1082 
Thebenine, 1080-1081 
Theelin, see Estrone 
Theelol, see Estriol 
Theobromine, 1003 
reaction with POCU, 970 
synthesis, 975 
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Theophylline, 971, 1004 
conversion to 1,3-dimethyluric acid, 
972 

formation, 969, 974 

Thermal decomposition of cellulose, 
1665-1666 

Thermal decompositions, mechanism 
involving free radicals, 538-539 
Thermodynamic properties of organic 
compounds, 1742-1747 
Thevitigenin, 1332 
Thevitin, 1343 

Thiele formula for benzene, 63 
Thiele theory of partial valence, 575 
Thio esters, reaction with- diazome- 
thane, 654 

Thio sugars, 1483-1484 
Thiocarbimides, rates of reaction with 
ethyl alcohol, 836-838 
Thiochrome, formation, 1017 
Thiocyanogen, addition to ethylenic 
linkage, 648 

in substitution reactions, 684 
Thiocyanopyrimidines, 961 
2-Thiolhi8tidine, 938-939 
Thionylamines, reaction with Grignard 
reagent, 421 

Thiophenol, addition to unsaturated 
ketones, 588 
Thiourea, 711-712 

Thiourethanes, rates of formation, 836- 
838 

Thomson theory of optical rotation, 

1789 

Thorpe reaction, synthesis of large car- 
bon rings, 24 

Three-carbon tautomerism, equilibria 
and rates, 818-821 
Three-electron bond, 1865-1867 
Threonine, constitution, 904 
Thujaketone, from a-ergostenol, 1268 
Thymine, 953, 1000, 1001 
formation, 964, 966 
reaction with bromine, 982 
structure, 980 
test for, 983 
Thjrroxine, 910-912 
Tigogenin, 1349-1350 
Tigonin, 1346, 1347 


Tin, abnormal valence, 528-529 
compounds, see Organotin com- 
pounds 

Tischenko reaction, 560 
Toad poisons, 1339-1344 
structure and physiological action, 
1343-1344 

Tobacco alkaloids, 1043-1046 
Tollens cellulose formula, 1568-1669, 
1676 

Transmission of activating effects, 644; 

see Vinylogy 
Traube reaction, 1042 
Traube synthesis of purines, 972 
Tri- and tetrasaccharides, 1474-1476 
Triad systems, 1707-1709 
nitrogen compounds, 611 
rearrangements, 788 
tautomeric, 1707 
Trialkylhydroxylamines, 683-684 
Triarylhydrazyls, 524-525 
Triarylmethyl peroxides, rearrange- 
ment, 757 

2,3,4-Trimethylgluco8e, 1461-1462 

2.3 .6- Trimethylglu cose, 1460-1461 
Triarylmethyls, 493-507 

addition of sodium, 498 
amphoteric nature, 502 
chemical properties, 497-600 
conductivity, 501 
dimerization, 497 
metallic character, 500-602 
paramagnetism, 500 
physical properties, 494, 500 
preparation, 493-494 
quinoid structure, 503 
reaction with water, 499 
spatial configuration, 502 
stability, 496 
Tribenzoylmethane, 129 
2.6,8-Trichloropurine, 969 

2.4.6- TrichloropyTimidine, 958 
Tricyclenes in rearrangements, 729, 730, 

733 

Trigonelline, 1038 

Trihydroxybufosterocholenic acid, 1312 

2.3.6- Trimethylglucose anhydride, 1578 
Trimethyltin radical, 529 
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Trinitrotoluene, reaction with j>nitro- 
sodimethylaniline, 638 
Trioses, structure, 1446-1447 
Trioxypyrimidines, 9^ 
2,3,4-TriphenylGhromenyl, 511 
Triphenylethylene, bromination, 115 
1,2,3-Triphenylindyl, 511 
Triphenylmethane dyes, formation, 697 
Triphenylmethyl, discovery, 491-493 
electronic theory, 1698 
molecular weight, 492 
reaction with diphenylnitrogen oxide, 
643 

Tripheny Imethy lani line, re a rr a n g e - 

ment, 753 

Triphenylmethylhydroxylamines, rear- 
rangements, 760 
Tropacocaine, 1055 
Tropane, 1053 
Tropeines, 1048 
Tropic acid, 1047 
Tropidine, 1050, 1052 
Tropigenine, 1051 
Tropilidene, 1049 
Tropine, 1047, 1053-1054 
Tropinic acid, 1048 
Tropinone, 1048. 1053, 1108 
a-Triixilline, 1055 
P-Truxilline, 1055 
Tryptophan, 940-947 
relation to harman, 1085 
Tschugaeff-Zerewitinoff analysis, 416, 
487, 1187 

Tungsten compounds, see Organotung- 
sten compounds 
Turanose, 1474 
Tyrosine, 907-910 


U 

Ullmann reaction, organocopper com- 
pounds in, 456 

Ultra-violet absorption spectra, 1771- 
1777 

aromatic compounds, 1774 
comparison with Raman shift, 1773 
relation to resonance, 1775 


Ultra-violet absorption spectra, useful* 
ness, 1776-1777 

Univalent nitrogen compounds in re- 
arrangements, 761 

a,P-Unsaturated acids, from rearrange- 
ment of P,Y-unsaturated acids, 
592 

P,Y-Unsaturated acids, rearrangement 
to a,3-unsaturated acids, 592 
a,p-Unsaturated carbonyl compounds, 
addition of benzene, 585 
addition of diphenylketene, 585 
addition of halogen acids, 585 
1,4-addition of hydrogen, 585 
addition of m a Ionic ester, 588 
dimerization, 585 
electronic theory, 1689-1692 
Unsaturated systems, see specific types 
addition of organometallic com- 
pounds, 414, 417-423, 430, 441, 
443-444, 458-459, 463 
reaction of Grignard reagent, with 
non-terminal cumulated, 421 
with terminal cumulated, 421 
Unsaturation, and conjugation, 542-608 
detection by nitromethane, 629 
effect on molecular refraction, 1740- 
1741 

location in carotenoids, 1185-1187 
Uracil, 953, 963, 1000, 1001 
formation, 964 
reaction with ozone, 981 
test for, 983 
Uramil, formation, 966 
reaction with isothiocyanates, 976 
relation to convicine, 1002 
Uranium compounds, see Organo- 
uranium compounds 
Urea, 708-711 
Ureides, 956 

Uric acid, alkylation, 977-978 
formation, 967, 968, 969 
glycol, 986, 993 
oxidation, 984, 986 
Urocanic acid, 937 
Ursodesoxycholanic acid, 1303 
Uzarigenin, 1320, 1321, 1333 
Uzarin, 1343 
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V 

Valence, electronic concept, 781, 1595- 
1711 

partial, 63 

types in nitrogen, 1607 
Valence angles, 1757 
Valence-bond formulas, 1867 
Valence-bond method for treatment of 
electronic structures, 1863 
Vanadium compounds, see Organo- 
vanadium compounds 
Vasicine, 1105-1106, 1110 
Vicinal function, 1795-1796 
Vicine, 1001-1003 
Vinyl dehydration, 739, 745 
Vinylacetylene, 568 
addition of HCl to, 777 
Viny logons systems, 1679 
Vi ny logy, 673 
Violaxanthin, 1149, 1156 
Violuric acid, 966 
Viscose, sec Cellulose xanthate 
Viscosity, 1735-1737 
Visible absorption spectra, 1771-1777 
aromatic compounds, 1774 
comparison with Raman shift, 1773 
relation to resonance, 1775 
usefulness, 1776-1777 
Vitamin A, 1167-1169 
approaches to synthesis, 1198-1209 
constitution, 1155, 1198-1209 
crystalline derivatives, 1201 
dihydro-, 1199 
octahydro-, 1199 
perhydro-, 1198 

relation to carotenoids, 1153, 1216 
tetrahydro-, 1199 
Vitamin Bi, 1012-1017 
Vitamin Ba, 1012-1017 
Vitamin C, 1502-d607 
relation to carotenoids, 1216 
Vitamin D, historical, 1291-1293 
multiple nature, 1293-1295 
rat: chick ratio, 1295 
Vitamin Di, 1292 
Vitamin Dt, 1292, 1295-1298 
estrogenic action, 1366 
transformation products, 1298 


Vitamin Da, 1293-1294 
Vitamin D4, 1293 footnote 
Vomicine, 1098-1099 
von Braun degradations, 714-716, 1026- 
1027 

Vulcanization of rubber by organo- 
metallic compounds, 487 

W 

Wagner rearrangement, 34-35, 728, 729, 
734, 769, 772, 789 

Walden inversion, cholesterol, 1259- 
1260 

definition, 197 

effect, of hydrogen-ion concentration, 
1848 

of neutral salts, 1848 
of temperature, 1848 
factors influencing, 198-200 
influence, of external conditions, 
1847-1848 

of metallic ion. 1848 
of solvent, 1847-1848 
of structural conditions, 1847 
theories, 1844-1847 

Walla ch degradation method, ring con- 
traction by, 35 

Waxes, relation to carotenoids, 1216 
Weerman degradation of sugars, 1408 
Wheeler and Johnson color test, 983 
Wieland degradation, see Barbier-Wie- 
land degradation 

Wolff-Kishner reduction, 554, 1245, 

1326, 1351 

Wurtz-Fittig reaction, 425, 452-454, 456, 
1702 

cyclization by, 10-11 
mechanism, 536-537 


X 

Xanthation of sugars, 1549 
Xanthine, conversion to caffeine, 979 
formation, 971, 973, 977 
occurrence, 1003 
Xanthophyll, 1149, 1156 
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X-ray diffraction studies, 1758-1762 
aromatic compounds, 100, 267-269, 
1760 

benzene, 68 
cellulose, 1586-1592 
hydrocarbons, 1759 
use, 1758 
as-o-Xylenol, 73 

d-Xylomethylose, preparation, 1502 
Xylose fermentation, 1533 


Y 

Yobyrine, 1090 
Yohimbic acid, 1090-1091 


Yohimbine, 1090-1092 

2 

Zeaxanthin, 1149, 1156 
Zempl^n degradation of sugars, 1407 
Zerewitinoff analysis, 416, 487, 1187 
Zinc compounds, see Organozinc com- 
pounds 

optical isomerism, 367 
Zirconium compounds, see Organozir- 
conium compounds 
Zoocarotenoids, 1159 
Zoosterols, 1277-1282 
Zwitterion, 867, 1602 
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